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SUMMARY 

An exper imenta l  and a n a l y t i c a l  s tudy  was conducted t o  assess t h e  importance 
As p a r t  of of t r a i l i n g  edge n o i s e  as a h e l i c o p t e r  r o t o r  broadband n o i s e  source .  

t h i s  o b j e c t i v e ,  i t  w a s  d e s i r e d  t o  develop a gene ra l i zed  n o i s e  p r e d i c t i o n  i n  which 
t h e  h e l i c o p t e r  o p e r a t i n g  c o n d i t i o n s ,  r o t o r  geometry, and r o t o r  boundary l a y e r  de- 
t a i l s  were s p e c i f i e d .  

S ince  e x i s t i n g  f u l l - s c a l e  r o t o r  d a t a  are contaminated wi th  many o p e r a t i v e  
h e l i c o p t e r  n o i s e  mechanisms, a s s e s s i n g  t h e  importance of t r a i l i n g  edge n o i s e  re- 
qu i r ed  conduct ing an  experiment i n  which themechanism could be  i s o l a t e d .  This  
r e s u l t e d  i n  a two phase s tudy  i n  which t h e  f i r s t  o b j e c t i v e  w a s  t o  i n v e s t i g a t e  t h e  
n o i s e  from an i s o l a t e d  two-dimensional a i r f o i l  i n  a n  a c o u s t i c  wind tunne l  w i th  a 
low turbulence  l e v e l .  The experiment w a s  conducted a t  c l o s e  t o  f u l l - s c a l e  h e l i -  
c o p t e r  r o t o r  Reynolds numbers us ing  a main r o t o r  b l ade  s e c t i o n  t o  ensu re  t h a t  t h e  
a i r f o i l  t u r b u l e n t  boundary l a y e r  c h a r a c t e r i s t i c s  s imulated realist ic o p e r a t i n g  
cond i t ions .  Both boundary l a y e r  d a t a  and a c o u s t i c  d a t a  were obta ined  f o r  u s e  
i n  developing a s c a l i n g  l a w  f o r  t r a i l i n g  edge n o i s e  p r e d i c t i o n s .  The experiment 
a l s o  provided a test case f o r  a f i r s t  p r i n c i p l e s  t r a i l i n g  edge n o i s e  theory  de- 
veloped as p a r t  of t h e  s tudy .  

Resu l t s  ob ta ined  from t h e  i s o l a t e d  a i r f o i l  s tudy  were extended t o  t h e  r o t a t -  
i n g  frame coord ina te  system t o  develop a h e l i c o p t e r  r o t o r  t r a i l i n g  edge n o i s e  
p r e d i c t i o n .  The p r e d i c t i o n  procedure was t e s t e d  a g a i n s t  s e l e c t e d  f u l l - s c a l e  h e l i -  
c o p t e r  d a t a .  Comparisons of t h e  c a l c u l a t e d  sound p r e s s u r e  l e v e l s  w i th  t h e  ex- 
per imenta l  d a t a  provided as assessment  of t h e  t r a i l i n g  edge n o i s e  c o n t r i b u t i o n  t o  
t h e  t o t a l  h e l i c o p t e r  n o i s e  spectrum. 

Conclusions r e s u l t i n g  from t h i s  s tudy  can be  grouped i n t o  two c a t e g o r i e s .  
I n  t h e  case of f u l l - s c a l e  r o t o r  n o i s e ,  i t  w a s  demonstrated t h a t  t r a i l i n g  edge 
n o i s e  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  t o t a l  h e l i c o p t e r  n o i s e  spectrum a t  h igh  
f r equenc ie s .  This  n o i s e  mechanism is  expected t o  c o n t r o l  t h e  minimum r o t o r  n o i s e  
l e v e l .  A knowledge of t h e  h e l i c o p t e r  a l t i t u d e ,  speed,  angu la r  p o s i t i o n ,  r o t o r  
t i p  speed,  b l ade  number, r o t o r  chord and span,  and l o c a l  boundary l a y e r  t h i c k n e s s  
are s u f f i c i e n t  t o  p r e d i c t  t h e  r o t o r  t r a i l i n g  edge n o i s e  c o n t r i b u t i o n .  

I n  t h e  case of n o i s e  r a d i a t i o n  from a l o c a l  b l ade  segment t h e  a c o u s t i c  d i r e c -  
t i v i t y  p a t t e r n  i s  p red ic t ed  by t h e  f i r s t  p r i n c i p l e s  t r a i l i n g  edge n o i s e  theory .  
Noise dependence on l o c a l  s e c t i o n  Mach number varies as Mach number t o  t h e  f i f t h  
power i n  agreement wi th  t h e  s c a l i n g  l a w  and t h e  fundamental  theory .  F ina l ly ,acous-  
t i c  s p e c t r a  from a l o c a l  b l ade  segment can be  p red ic t ed  us ing  a s c a l i n g  l a w  which 
i n c l u d e s  t h e  Mach number, boundary l a y e r  t h i ckness ,  and observer  p o s i t i o n .  Spec- 
trum shape and sound p r e s s u r e  l e v e l  are a l s o  p red ic t ed  by t h e  f i r s t  p r i n c i p l e s  
t heo ry  b u t  t h e  a n a l y s i s  does n o t  p r e d i c t  t h e  S t rouha l  va lue  i d e n t i f y i n g  t h e  spec- 
trum peak. A c c u r a t e . p r e d i c t i o n s  r e q u i r e  us ing  measured s u r f a c e  p r e s s u r e  d a t a  
obta ined  near t h e  a i r f o i l  t r a i l i n g  edge. 



INTRODUCTION 

Background 

The n o i s e  l e v e l  a t  a g iven  a n g l e  r e l a t i v e  t o  a h e l i c o p t e r  and w i t h i n  a 
s p e c i f i e d  frequency band r e p r e s e n t s  t h e  sum of c o n t r i b u t i o n s  of a number of 
s e p a r a t e  n o i s e  mechanisms. The r e l a t i v e  importance of t h e s e  mechanisms 
depends upon t h e  r o t o r  geometry, aerodynamic c h a r a c t e r i s t i c s  (e .g . ,  t i p  speed ,  
b l ade  p i t c h ) ,  and o p e r a t i n g  mode of t h e  h e l i c o p t e r  (hover,  forward f l i g h t ,  
v e r t i c a l  a s c e n t  o r  d e s c e n t ) .  Some of t h e  mechanisms apply  p r i m a r i l y  t o  t h e  
main r o t o r ,  some apply  t o  both  t h e  main r o t o r  and t h e  t a i l  r o t o r ,  and i n  t h e  
more complex s i t u a t i o n ,  i n t e r a c t i o n s  occur l i n k i n g  t h e  wakes of one r o t o r  
b l ade  wi th  n o i s e  gene ra t ion  by another  b lade .  The simultaneous occurrence  
of t h e  d i f f e r e n t  mechanisms has  always complicated both  d a t a  i n t e r p r e t a t i o n  
and a t t e m p t s  t o  assess t h e  accuracy of theory  developed t o  t r ea t  each mecha- 
nism. 

The l i s t  of p o s s i b l e  r o t o r  n o i s e  mechanisms is  l eng thy  and i s  often 
debated among s p e c i a l i s t s  i n  h e l i c o p t e r  n o i s e  r e s e a r c h .  George ( r e f .  1) 
provided a comprehensive l ist  of h e l i c o p t e r  n o i s e  mechanisms. 
be  subdivided i n t o  p e r i o d i c  and random n o i s e  sou rces  both  of which are impor- 
t a n t  over t h e  range  of h e l i c o p t e r  o p e r a t i n g  c o n d i t i o n s .  
impuls ive  n o i s e  ( r e f .  2 ) ,  George n o t e s  t h a t  random (or  broadband) n o i s e  can 
b e  t h e  primary n o i s e  sou rce .  For t h e  case of hover ,  Munch e t  a l .  ( r e f .  3) 
demonstrated u s i n g  a 2 Hz bandwidth frequency a n a l y s i s ,  t h a t  broadband n o i s e  
w a s  t h e  prime c o n t r i b u t o r  t o  PNL f o r  f i v e  d i f f e r e n t  r o t o r  s y s t e m s  over a wide 
range of t h r u s t  parameters  ( t h r u s t  c o e f f i c i e n t  d iv ided  by s o l i d i t y ) .  Study 
of h e l i c o p t e r  r o t o r  broadband n o i s e  i s ,  t h e r e f o r e ,  r e l e v a n t .  

The l i s t  can 

I n  t h e  absence of 

One of t h e  sou rces  of h e l i c o p t e r  r o t o r  broadband n o i s e  is  t h e  r o t o r  t u r -  
b u l e n t  boundary layer ,  i n  p a r t i c u l a r ,  i t s  i n t e r a c t i o n  wi th  t h e  b l ade  t r a i l i n g  
edge. Although t h e r e  is  l i t t l e  d i s p u t e  t h a t  t h i s  i s  an  o p e r a t i v e  mechanism 
i n  t h e  c a s e  of  a i r f r a m e  n o i s e ,  q u e s t i o n s  e x i s t  as t o  i t s  spectrum shape and 
a b s o l u t e  l e v e l  on h e l i c o p t e r  main and t a i l  r o t o r s .  Unfo r tuna te ly ,  f u l l - s c a l e  
h e l i c o p t e r  r o t o r  d a t a  c o n t a i n s  o t h e r  broadband n o i s e  sou rces  making i t  d i f f i -  
c u l t  t o  assess t h e  importance of t r a i l i n g  edge no i se .  The a d d i t i o n a l  mecha- 
nisms i n c l u d e  i n c i d e n t  t u rbu lence ,  s t a l l e d  a i r f o i l  n o i s e ,  and engine  n o i s e .  
The o b j e c t i v e  of t h e  p r e s e n t  s tudy  w a s ,  t h e r e f o r e ,  t o  i s o l a t e  t h e  t r a i l i n g  
edge n o i s e  mechanism and o b t a i n  a q u a n t i t a t i v e  unders tanding  of t h i s  n o i s e  
sou rce  as a f u n c t i o n  of t h e  r e l e v a n t  parameters .  

2 



Previous  I n v e s t i g a t i o n s  

Experimental  S t u d i e s  - Direct exper imenta l  s t u d i e s  of h e l i c o p t e r  r o t o r  
Previous  r e s e a r c h  on t h i s  t r a i l i n g  edge n o i s e  are p r e s e n t l y  n o t  a v a i l a b l e .  

n o i s e  mechanism w a s  l i m i t e d  t o  low Mach number two-dimensional i s o l a t e d  air-  
f o i l  tests, f u l l - s c a l e  a i r f r a m e  tes ts ,  and blown f l a p  n o i s e  s t u d i e s .  Although 
t h e s e  s t u d i e s  d id  no t  s imula t e  h e l i c o p t e r  r o t o r  o p e r a t i n g  c o n d i t i o n s ,  they  are 
a p p l i c a b l e  t o  unders tanding  t h e  t r a i l i n g  edge n o i s e  mechanism. 

Previous  a t t e m p t s ,  such as t h a t  of Pa terson  e t  a l .  ( r e f .  4 )  t o  measure 
t r a i l i n g  edge n o i s e  from a NACA 0012 two-dimensional i s o l a t e d  a i r f o i l  were 
unsuccess fu l .  The a i r f o i l ,  which w a s  t e s t e d  i n  t h e  UTRC open j e t  a c o u s t i c  
wind tunne l ,  could n o t  be  d e t e c t e d  above t h e  f a c i l i t y  background n o i s e .  To 
overcome t h e  background n o i s e  sou rces  Schl inker  ( r e f .  5) employed a d i r e c -  
t i o n a l  microphone system t o  d e t e c t  t h e  a i r f o i l .  Measurements demonstrated 
t h a t  t h e  t r a i l i n g  edge w a s  t h e  dominant source  r eg ion  f o r  a i r f o i l  s e l f  n o i s e  
gene ra t ion .  Spectrum peak ampli tudes were found t o  va ry  wi th  approximately 
a f i f t h  power v e l o c i t y  s c a l i n g .  Comparisons of t h e  measured s p e c t r a  showed 
reasonab le  agreement wi th  an  e x i s t i n g  s c a l i n g  l a w  p r e d i c t i o n  developed by 
Fink ( r e f s .  6 and 7) f o r  a i r f r ame  t r a i l i n g  edge no i se .  

H e l l e r  and Dobrzynski ( r e f .  8) circumvented t h e  background n o i s e  problem 
by us ing  an  aerodynamical ly  c l e a n  g l i d e r  t o  exper imenta l ly  i n v e s t i g a t e  
t r a i l i n g  edge no i se .  Measured f a r  f i e l d  a c o u s t i c  s p e c t r a  peaked near  a 
S t rouha l  number of 0.02 wi th  t h e  l e n g t h  s c a l e  based boundary layer  d i s p l a c e -  
ment t h i ckness .  P r e d i c t i o n s  of t h e  r a d i a t e d  n o i s e  from t h e  measured s u r f a c e  
p r e s s u r e  c h a r a c t e r i s t i c s  were found t o  be s a t i s f a c t o r y .  

Yu and J o s h i  ( r e f .  9) r epor t ed  t h e  r e s u l t s  of a s tudy  us ing  space-time 

The coherent  p a r t  of t h e  broadband 
co r re l a t ions  t o  extract  i s o l a t e d  a i r f o i l  t u r b u l e n t  boundary l a y e r  n o i s e  
s p e c t r a  from f a c i l i t y  background no i se .  
n o i s e  gene ra t ion  w a s  found t o  be l o c a l i z e d  a t  t h e  a i r f o i l  t r a i l i n g  edge i n  
agreement w i t h  t h e  measurements of Schl inker .  
t h a t  t h e  passage of l a r g e  scale edd ie s  i n  t h e  boundary l a y e r  over  t h e  a i r f o i l  
t r a i l i n g  edge generated t h e  n o i s e .  
t h e  c h a r a c t e r i s t i c  l e n g t h  scale needed i n  t h e  a c o u s t i c  s c a l i n g  l a w  developed 
i n  t h e  p re sen t  s tudy .  
A i r f o i l  Boundary Layer C h a r a c t e r i s t i c s .  

C o r r e l a t i o n  s t u d i e s  concluded 

This  conclus ion  w a s  important  t o  s e l e c t i n g  

A f u r t h e r  d i s c u s s i o n  i s  given i n  t h e  s e c t i o n  t i t l e d  

The i n v e s t i g a t i o n  by Brooks and Hodgson ( r e f .  10) used a cross-spectrum 
approach t o  e x t r a c t  t h e  t r a i l i n g  edge n o i s e  f o r  an i s o l a t e d  a i r f o i l .  
p r e s s u r e  l e v e l  dependence on d i r e c t i v i t y  and Mach number were i n  c l o s e  agree-  
ment wi th  t h e  t h e o r e t i c a l  a n a l y s i s  of Howe ( r e f .  11). 

Sound 
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T r a i l i n g  edge n o i s e  d a t a  h a s  a l s o  been obta ined  from experiments  i n  
which t h e  t u r b u l e n t  f low over  a t r a i l i n g  edge i s  provided by a w a l l  j e t  
( r e f s .  1 2 ,  13, and 1 4 )  blowing over  t h e  edge of a f l a t  p l a t e .  I n  a d d i t i o n ,  
numerous a i r f r a m e  n o i s e  s t u d i e s  have provided t r a i l i n g  edge n o i s e  d a t a .  
These programs, def ined  as "clean airframe" n o i s e  s t u d i e s ,  provided f ly-over  
n o i s e  measurements f o r  c l e a n  wing and t a i l  s u r f a c e s .  A summary of t h e  
v a r i o u s  i n v e s t i g a t i o n s  and t h e  r e s u l t i n g  conclus ions  i s  a v a i l a b l e  i n  t h e  pub- 
l i c a t i o n s  of Fink ( r e f s .  6 and 7 ) .  The d a t a  i n  r e f e r e n c e  13 formed t h e  b a s i s  
of a semi-empirical  t r a i l i n g  edge n o i s e  p r e d i c t i o n  procedure which is  now 
p a r t  of t h e  NASA ANOPP Program. 

T h e o r e t i c a l  S t u d i e s  - Because t r a i l i n g  edge n o i s e  i s  produced by turbu-  
l e n c e  (which can be r e p r e s e n t e d  by quadrupoles)  moving p a s t  a s h a r p  t r a i l i n g  
edge, one a n a l y t i c a l  approach t o  t h e  problem i s  t o  u s e  t h e  L i g h t h i l l  a c o u s t i c  
analogy ( r e f .  1 5 ) .  Thus, quadrupole sound s o u r c e s  are  placed n e a r  t h e  edge 
of a f l a t  p l a t e  which produces a m p l i f i c a t i o n  of t h e  sound i f  t h e  t r a i l i n g  edge 
i s  i n  t h e  near  f i e l d  of t h e  quadrupole.  This  formula t ion  d e s c r i b e s  t h e  t y p e  
of model used i n  t h e  s tudy  of Ffowcs W i l l i a m s  and H a l l  ( r e f .  1 6 ) .  Subse- 
quently, Crighton and Leppington (ref. 17), Crighton ( r e f .  18) and Howe 
( r e f s .  19-21) used t h i s  approach i n  developing t r a i l i n g  edge n o i s e  a n a l y t i c a l  
models. 

An a l t e r n a t e  approach which corresponds t o  t h e  method employed h e r e ,  is  
t o  work d i r e c t l y  w i t h  t h e  a i r f o i l  s u r f a c e  p r e s s u r e s .  
are g e n e r a l l y  more e f f i c i e n t  sound r a d i a t o r s  than  volume quadrupoles ,  one 
need o n l y  c o n s i d e r  t h e  quadrupoles  t o  t h e  e x t e n t  t h a t  they  induce s u r f a c e  
d i p o l e s .  These d i p o l e s  are t h e  source  of t h e  a m p l i f i c a t i o n  mentioned i n  t h e  
above paragraph.  This  approach w a s  used by Chase ( r e f s .  22 and 23) and Chand- 
iramani (Ref. 2 4 )  f o r  t h e  case of z e r o  ambient mean Mach number. 

S ince  s u r f a c e  d i p o l e s  

The technique  of u s i n g  t h e  convect ing s u r f a c e  p r e s s u r e s  w a s  g e n e r a l i z e d  
by Amiet ( r e f s .  25 and 26) t o  i n c l u d e  a n  ambient mean flow. A p p l i c a t i o n  of t h e  
Kutta  c o n d i t i o n  produced downstream shed v o r t i c i t y  and a l s o  determined t h e  
magnitude of t h e  induced sound. Brooks and Hodgson ( r e f .  10)  a l s o  used t h e  
convec t ing  s u r f a c e  p r e s s u r e  technique f o r  t h e i r  comparisons w i t h  experiment 
and found good agreement between theory  and experiment.  
t h e  f i r s t  model u s i n g  L i g h t h i l l ' s  analogy and t h e  second model u s i n g  a i r f o i l  
s u r f a c e  p r e s s u r e s  should produce i d e n t i c a l  r e s u l t s ,  a t  least  t o  lowes t  o r d e r  
because t h e  s u r f a c e  p r e s s u r e s  are  determined by t h e  volume quadrupoles .  

I f  p r o p e r l y  t r e a t e d ,  

Present  Study 

O b j e c t i v e s  - The o v e r a l l  o b j e c t i v e  of t h e  p r e s e n t  s tudy  was t o  assess t h e  
importance of  t r a i l i n g  edge n o i s e  as a h e l i c o p t e r  r o t o r  broadband n o i s e  source.  



A s  p a r t  of t h i s  o b j e c t i v e  i t  w a s  d e s i r e d  t o  develop a gene ra l i zed  n o i s e  
p r e d i c t i o n  i n  which t h e  a l t i t u d e ,  speed ,  angu la r  p o s i t i o n  of t h e  h e l i c o p t e r ,  
r o t o r  t i p  speed, and r o t o r  boundary l a y e r  d e t a i l s  were s p e c i f i e d .  Hover w a s  
t o  be  inc luded  as a special  case. 

S ince  e x i s t i n g  f u l l - s c a l e  and model scale r o t o r  d a t a  are contaminated 
wi th  o t h e r  o p e r a t i v e  h e l i c o p t e r  n o i s e  mechanisms a s s e s s i n g  t h e  importance of 
t h e  t u r b u l e n t  boundary l a y e r  broadband n o i s e  n e c e s s i t a t e d  conduct ing  a n  expe r i -  
ment i n  which t h i s  mechanism could  be i s o l a t e d .  This  r e s u l t e d  i n  a two-phase 
program i n  which t h e  f i r s t  o b j e c t i v e  was t o  i n v e s t i g a t e  t h e  n o i s e  from an  
i s o l a t e d  two-dimensional a i r f o i l  i n  an  a c o u s t i c  wind t u n n e l  w i th  low i n c i d e n t  
t u rbu lence  l e v e l s .  This  s imula t ion  technique  is shown i n  f i g u r e  1. I n  addi -  
t i o n  t o  o b t a i n i n g  a c o u s t i c  d a t a ,  t h e  i s o l a t e d  a i r f o i l  s tudy  w a s  r e q u i r e d  t o  
provide  t u r b u l e n t  boundary l a y e r  in format ion  a t  t h e  a i r f o i l  t r a i l i n g  edge. 
The aerodynamic and a c o u s t i c  d a t a  from t h e  exper imenta l  s tudy  were then  used 
t o  develop s c a l i n g  r e l a t i o n s h i p s  f o r  t r a i l i n g  edge n o i s e  r a d i a t i o n  from a 
two-dimensional a i r f o i l  segment. This  e f f o r t  w a s  a ided  by t h e  e m p i r i c a l  
fo rmula t ion  of Fink ( r e f .  6 )  and a s e p a r a t e  a n a l y t i c a l  fo rmula t ion  developed 
as p a r t  of t h e  p r e s e n t  s tudy .  Both t h e  s c a l i n g  l a w  and fundamental t h e o r e t i -  
cal  approach were compared w i t h  t h e  s e v e r a l  i s o l a t e d  a i r f o i l  s t u d i e s  t o  a s s e s s  
t h e  accuracy  of each approach. 

The o b j e c t i v e  of t h e  second phase of t h e  s tudy  w a s  t o  extend t h e  s t a t i o n -  
a r y  two-dimensional i s o l a t e d  a i r f o i l  r e s u l t s  t o  t h e  r o t a t i n g  frame case t o  
provide  f u l l - s c a l e  r o t o r  broadband n o i s e  p r e d i c t i o n s .  
n o i s e  p r e d i c t i o n  procedure ,  t h e  importance of t r a i l i n g  edge n o i s e  could then  
be a s ses sed .  
p r e d i c t i o n s  w i t h  t h e  t o t a l  n o i s e  spectrum measured d u r i n g  a f u l l - s c a l e  h e l i -  
c o p t e r  f l y o v e r  when a l l  n o i s e  mechanisms are p r e s e n t .  

Based on t h e  gene ra l i zed  

Th i s  o b j e c t i v e  w a s  achieved by comparing r o t o r  t r a i l i n g  edge n o i s e  

Approach - The f i r s t  phase of t h e  s tudy  w a s  conducted us ing  a n  untwis ted  
segment of a h e l i c o p t e r  main r o t o r .  The i s o l a t e d  a i r f o i l  s e c t i o n  was mounted 
between p a r a l l e l  s i d e p l a t e s  ( t o  provide  two-dimensional flow) and t e s t e d  i n  a n  
a c o u s t i c  wind t u n n e l  ( s e e  f i g .  2) .  Frees t ream Mach number was v a r i e d  from 
M = 0.1 t o  0.55 p rov id ing  Reynolds numbers c l o s e  t o  f u l l - s c a l e  v a l u e s .  
and mean v e l o c i t y  p r o f i l e s  a t  t h e  a i r f o i l  t r a i l i n g  edge were measured f o r  a 
range  of t e s t  c o n d i t i o n s .  A d i r e c t i o n a l  microphone w a s  used t o  separate 
t r a i l i n g  edge n o i s e  from o t h e r  f a c i l i t y  background n o i s e  sou rces .  D i r e c t i v i t y  
in fo rma t ion  w a s  acqu i r ed  by l o c a t i n g  t h e  d i r e c t i o n a l  microphone system a t  
d i f f e r e n t  viewing a n g l e s  r e l a t i v e  t o  t h e  a i r f o i l .  
w a s  v a r i e d  over  a range  of a = 0" t o  1 2 "  t o  de te rmine  t h e  e f f e c t  of t h i s  param- 
eter on t h e  boundary l a y e r  development and t h e  r e s u l t i n g  n o i s e  r a d i a t i o n .  

Noise 

Geometric a n g l e  of a t t a c k  

T e s t  r e s u l t s  were analyzed t o  de te rmine  s c a l i n g  l a w  r e l a t i o n s h i p s  f o r  
t r a i l i n g  edge n o i s e  r a d i a t e d  i n  t h e  overhead p l ane  of t h e  two-dimensional 
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i s o l a t e d  a i r f o i l .  Included i n  t h e  s c a l i n g  l a w  e v a l u a t i o n  w a s  t h e  p rev ious  
boundary l a y e r  n o i s e  d a t a  r epor t ed  by Sch l inke r  ( r e f .  5).and t h e  d a t a  of 
Brooks and Hodgson ( r e f .  1 0 ) .  These d i f f e r e n t  exper imenta l  r e s u l t s  provided 
a d a t a  b a s e  w i t h  widely vary ing  f r e e s t r e a m  Mach number (M = 0 . 1  t o  0.55) , 
a i r f o i l  chord ( c  = 2 1  cm t o  6 1  cm), and a i r f o i l  p r o f i l e s  t o  test t h e  g e n e r a l i t y  
of t h e  s c a l i n g  l a w .  

During t h e  second phase of t h e  s tudy  r e s u l t s  of t h e  two-dimensional 
i s o l a t e d  a i r f o i l  i n v e s t i g a t i o n  were extended t o  t h e  r o t a t i n g  b l a d e  case t o  
provide  p r e d i c t i o n s  f o r  t h e  f u l l - s c a l e  f l y o v e r  cond i t ions .  The transforma- 
t i o n  from s t a t i o n a r y  coord ina te s  t o  r o t a t i n g  coord ina te s  assumed t h a t  span- 
w i s e  segments of t h e  r o t o r  b l a d e ,  shown i n  f i g u r e  1, r a d i a t e  boundary l a y e r  
t r a i l i n g  edge n o i s e  w i t h  the  same spectrum and d i r e c t i v i t y  as an i s o l a t e d  
a i r f o i l .  The l o c a l  r e l a t i v e  v e l o c i t y  of t h e  r o t o r  b l ade  segment determined. 
t h e  boundary l a y e r  d e t a i l s  and t h e  r e s u l t i n g  a b s o l u t e  n o i s e  l e v e l s  and spec- 
trum shape. The g e n e r a l i z e d  boundary l a y e r  d e t a i l s  employed i n  t h e  n o i s e  
p r e d i c t i o n  were determined by f l a t  p l a t e  boundary l a y e r  theory .  

6 



LIST OF SYMBOLS 

A, B, c ,  D 

AMP 

a 

b 

bl 

cO 

C 

d 

E 

fmax 

G 

K 

K1 

Kx 
Ky 

Transmi t ted  a c o u s t i c  r a y s ;  see f i g u r e  14  

Decrease i n  d i r e c t i o n a l  microphone response  due t o  s c a t t e r i n g  
by tu rbu lence  

Apparent sou rce  t o  s h e a r  l a y e r  s e p a r a t i o n  d i s t a n c e  i n  flow 
p lane ;  see Appendix C 

Semichord = c / 2  

Apparent source-to-shear l a y e r  s e p a r a t i o n  d i s t a n c e  i n  v e r t i c a l  
p lane ;  see equa t ion  (C.12) 

Sound speed 

A i r f o i l  chord 

D i r e c t i o n a l  microphone r e f l e c t o r  a p e r t u r e  d iameter  

D i r e c t i v i t y  f a c t o r  de f ined  by equa t ion  (26) 

Normalized d i r e c t i v i t y  f a c t o r  de f ined  by equa t ion  (32b) 

Di f f e rence  between a i r f o i l  s u r f a c e  p r e s s u r e  spectra and f l a t  
p l a t e  s u r f a c e  p r e s s u r e  s p e c t r a  

Foca l  p o i n t  microphone d iameter  

F r e s n e l  i n t e g r a l  combination de f ined  by equa t ion  (9) 

Function d e s c r i b i n g  s c a l i n g  l a w  spectrum; see equa t ion  (67) 

Spectrum f u n c t i o n  def ined  by equa t ion  (22b) 

Frequency 

Frequency parameter d e f i n i n g  s c a l i n g  l a w  spectrum peak; see 
equation (67)  

D i r e c t i o n a l  microphone ga in ;  see equa t ion  (A.l) 

Normalized a i r f o i l  response  f u n c t i o n ;  see equa t ion  (11) 

D i r e c t i o n a l  s e n s i t i v i t y  of r e f l e c t o r  

Source-shear l a y e r  s e p a r a t i o n  d i s t a n c e ;  see f i g u r e  1 3  

Unit  v e c t o r s  i n  x, y ,  z d i r e c t i o n s ,  r e s p e c t i v e l y  

I 

4-1 
Constant i n  t r a i l i n g  edge n o i s e  theo ry ;  see equa t ion  (74) 

Constant i n  s c a l i n g  l a w  f o r  t r a i l i n g  edge n o i s e ;  see equa t ion  (68) 

o /U 

oy / cou 
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l Y  
M 

M -a 

MC 

Ef 

M x h  

% 
ES 

M -t 

M 2 
OASPL 

os, os 

PO 

P i  

PS 

p t  

- 

- p 'DM 
2 

P O  

q 

R 

RC 

R 1  
R e  

Recr 
RPM 

re 

ri 

Wavenumbers f o r  x and y dimensions 

E f f e c t i v e  l i f t  f u n c t i o n  de f ined  by equa t ion  (13a) 

Spanwise l e n g t h  s c a l e  of s u r f a c e  p r e s s u r e ;  see equa t ion  (19) 

Frees t ream Mach number 

Spanwise flow Mach number 

Turbulence convec t ion  Mach number 

Chordwise flow Mach number 

F l i g h t  Mach number i n  r o t o r  p l ane  

Mach number of sou rce  r e l a t i v e  t o  f l u i d  

Mach number of flow r e l a t i v e  t o  r o t o r  hub 

Tip  Mach number 

Axial flow Mach number 

O v e r a l l  sound p r e s s u r e  l e v e l  

Vector and u n i t  v e c t o r  f r o m  retarded source  p o s i t i o n  t o  obse rve r  

Magnitude of p r e s s u r e  wavenumber component 

Sur face  p r e s s u r e  jump induced by edge 

Sum of pi and p t  

Su r face  p r e s s u r e  i n c i d e n t  on edge 

Mean-square of  f o c a l  p o i n t  microphone sound p r e s s u r e  l e v e l  

Mean-square of omnid i r ec t iona l  microphone sound p r e s s u r e  l e v e l  

Dynamic p r e s s u r e  of f r ees t r eam 

Acous t ic  sou rce  t o  r e f l e c t o r  d i s t a n c e  f o r  on-axis sou rce  

R e f l e c t o r  r a d i u s  of cu rva tu re  

Acous t ic  sou rce  t o  r e f l e c t o r  d i s t a n c e  f o r  o f f - a x i s  sou rce  

Reynolds number 

Cri t ical  Reynolds number f o r  t r a n s i t i o n  t o  tu rbu lence  

Revolu t ions  p e r  minute 

F o u r i e r  t r ans fo rm of s u r f a c e  p r e s s u r e  wavenumber spectrum; see 
equa t ion  (16) 

F o u r i e r  t r ans fo rm of Rqq; see equa t ion  (17) 

Source t o  obse rve r  d i s t a n c e  

Radius of microphone a r r a y  i n  r e t a r d e d  source  coord ina te  s y s t e m  

Foca l  p o i n t  microphone d i s t a n c e  from r e f l e c t o r  s u r f a c e  



Designates  apparent  sou rce  i n  h o r i z o n t a l  p l ane ;  see f i g u r e  47 

S t r o u h a l  number 

Des igna tes  apparent  sou rce  i n  v e r t i c a l  p l ane ;  see f i g u r e  47 

1 / 3  oc t ave  band sound p r e s s u r e  l e v e l  

Sound spectrum 

Ins t an taneous  sound spectrum as a f u n c t i o n  of az imutha l  a n g l e  

Surface  p r e s s u r e  spectrum f o r  a f l a t  p l a n t  and an a i r f o i l  

A i r f o i l  span 

Dis tance  a long  r a y  pa th  between source  and s h e a r  layer  

Boundary l a y e r  t r i p  t h i ckness ;  a l s o  a i r f o i l  t r a i l i n g  edge t h i c k n e s s  

Propagat ion  t i m e  of sound t o  r each  observer  

T ime  

Dis tance  a long  r a y  pa th  between apparent  sou rce ,  SV, and shea r  l a y e r  

Frees t ream v e l o c i t y  

Convection v e l o c i t y  of s u r f a c e  p r e s s u r e  p a t t e r n  

Loca l  v e l o c i t y  i n  boundary l a y e r  normalized by f r e e s t r e a m  v e l o c i t y  

D i f f r a c t i o n  p a t t e r n  ha l f -wid th  

C a r t e s i a n  coord ina te s  ( a l s o ,  x i s  t h e  d i s t a n c e  d e f i n i n g  t h e  o f f -  
a x i s  sou rce  p o s i t i o n ;  see f i g u r e  12) 

Coordina te  system de f ined  by equa t ion  (48) 

x c o o r d i n a t e  system r o t a t e d  about z1  by y -1 
2 c o o r d i n a t e  system r o t a t e d  about y2  by y 

Observer p o s i t i o n  i n  E coord ina te  system 

Source p o s i t i o n  de f ined  by equa t ion  ( 4 6 )  

Retarded c o o r d i n a t e s  of  r o t o r  hub 

S i d e l i n e  d i s t a n c e  

Angle of a i r f o i l  o u t  of f low p lane ;  a l s o  geometr ic  a n g l e  of a t t a c k  

G* 
Azimuthal a n g l e  of r o t o r ;  a l s o  i n t e r m i t t e n c y  parameter 

Boundary l a y e r  t h i c k n e s s  

Boundary l a y e r  displacement t h i c k n e s s  

Small  parameter 
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50 
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rl 
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h 

lJ 

V 

'L 
w 

Parameter de f ined  by e q u a t i o n  (7) 

S p e c i f i c  va lue  of 5 given  by e q u a t i o n  (15) 

D i f f r a c t i o n  parameter - IT Df s i n  $ J ~ / C ~ ;  a l s o ,  nondimensional 
parameter c o n t r o l l i n g  r e f l e c t o r  response  t o  o f f - a x i s  sou rces  

Parameter de f ined  by equa t ion  (15) 

Observer a n g l e  de f ined  i n  f i g u r e  26 

Observer a n g l e  f o r  r o t o r  problem de f ined  i n  f i g u r e  27 

Propagat ion  a n g l e  of a c o u s t i c  r ay  i n s i d e  open j e t  ( s e e  f i g u r e  13) 

Angle d e f i n i n g  r e t a r d e d  source  p o s i t i o n  

Propagat ion  ang le  of a c o u s t i c  r ay  i n  t h e  absence of flow ( s e e  
f i g u r e  13)  

Propagat ion  a n g l e  of t r a n s m i t t e d  a c o u s t i c  r ay  o u t s i d e  open j e t  
( s e e  f i g u r e  13)  

Wavenumber g iven  by equa t ion  (5) 

Parameter de f ined  by equa t ion  (7) 

Kinematic v i s c o s i t y  of a i r  

Dens i ty  of a i r  

Nondimensional frequency, w = d * / U  
'L 
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THEORETICAL FORMULATION OF THE TRAILING EDGE NOISE MECHANISM 

Noise Model f o r  I s o l a t e d  A i r f o i l  i n  R e c t i l i n e a r  Motion 

I The foundat ion  f o r  t h e  t r a i l i n g  edge n o i s e  model developed i n  t h e  p r e s e n t  
s t u d y  i s  d e s c r i b e d  i n  r e f e r e n c e s  25 and 26. The model assumes a f r o z e n  sur -  
f a c e  p r e s s u r e  p a t t e r n  which convects  downstream a t  a Mach number Mc p a s t  t h e  
t r a i l i n g  edge. Upon approaching t h e  t r a i l i n g  edge t h e  p r e s s u r e  jump a c r o s s  t h e  
a i r f o i l  i s  forced  t o  zero  t o  s a t i s f y  t h e  Kutta  c o n d i t i o n .  This  g i v e s  r ise  t o  an 
induced p r e s s u r e  f i e l d  which propagates  away from t h e  t r a i l i n g  edge reg ion .  

The s u r f a c e  p r e s s u r e  jump,Apt,due t o  t h e  convect ing t u r b u l e n c e  i s  decomposed 
i n t o  s p a t i a l  F o u r i e r  components of  t h e  form 

where t h e  t i m e  dependence exp ( i w t )  h a s  been removed. Here x i s  t h e  chordwise 
c o o r d i n a t e ,  y t h e  spanwize,and z t h e  normal. The a i r f o i l  l i e s  i n  t h e  z = 0 p l a n e  
and x = 0 d e s i g n a t e s  t h e  t r a i l i n g  edge. The parameter X i s  r e l a t e d  t o  t h e  chord- 

I w i s e  g u s t  convec t ion  speed Uc by 

x = o/u, (2)  

S a t i s f y i n g  t h e  K u t t a  c o n d i t i o n  a t  t h e  t r a i l i n g  edge then  g i v e s  r ise t o  a n  
induced s u r f a c e  p r e s s u r e  jump given by e q u a t i o n s  (12)  and (32)  of r e f e r e n c e  27 
which i s  

Here r (= -x) r e p r e s e n t s  t h e  d i s t a n c e  between a p o i n t ,  x, on the  a i r f o i l  and t h e  
t r a i l i n g  edge. 

Also 

( 5 )  K, E W/U 
(7) 

where M i s  t h e  f r e e s t r e a m  Mach number. This  e q u a t i o n  w a s  d e r i v e d  f o r  a semi- 
i n f i n i t e  f l a t  p l a t e  a i r f o i l  w i t h  a t r a i l i n g  edge b u t  no l e a d i n g  edge. A correc-  
t i o n  f o r  t h e  l e a d i n g  edge could be  added t o  t h e  s o l u t i o n  i n  an i t e r a t ive  scheme 
as descr ibed  i n  r e f e r e n c e  27, b u t  t h i s  w i l l  n o t  be  needed h e r e .  
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Equation (3)  was given in reference 27 for an airfoil surface pressure rather 
than a surface pressure jump. However, since the problem treated in reference 27 
is antisymmetrical above and below the airfoil, the results apply as well to a 
pressure jump. For the present problem writing the equation in terms of a sur- 
face pressure jump is necessary since the problem is not antisymmetrical. Far 
upstream of the trailing edge the surface pressure is produced by volume quadru- 
poles and induced surface dipoles which double the pressure on the side containing 
the turbulent eddy and cancel it on the other side. Downstream of the trailing 
edge the pressure is produced by the frozen quadrupoles resulting in a pressure 
field whose magnitude is one-half of the pressure upstream. 

Reference 26 mistakenly says that the pressure is forced to zero by the 
Kutta condition at the trailing edge, but it is really the pressure jump that is 
being forced to zero. This misstatement has caused some confusion to readers. 
The equations in reference 26 are for the pressure jump, however, and the pre- 
dictions therein are not affected by this misstatement. 

Substituting the assumed incident surface pressure (or surface pressure 
jump) given by equation(1) into equation ( 3 )  gives for the induced pressure jump. 

{ I -  ( I + i ) E *  [ r ( X + p M + c ) ] }  
i(Xr- k y y )  

A p i ( x , y ,  z = 0) = - p0 e 

where 

E(x) - 

is a combination of Fresnel integrals, and the star on E represents the complex 
I conjugate . 

The total surface pressure jump is the sum of incident and induced pressure 
jumps. The surface loading is equated to a dipole strength which is used to cal- 

incident pressure jump was erroneously omitted in calculating the noise; reference 
26 gives the corrected results, including the incident pressure jump. However, 
equation (1) is not an ideal representation of the incident pressure, as noted in 
reference 26 ,  since it discontinuously arises at the leading edge of the airfoil, 
rather than growing gradually with the growth of the boundary layer. This would 
give rise to an erroneous leading edge term in the noise calculation. Thus, 
equation (1) will be modified slightly with an exponential convergence factor, 
exp (LAX), so that the incident pressure at the trailing edge (x = 0) is unchanged 
from equation (I), but is small at the leading edge (x = -c). 
case if 

, culate the noise generated. In the original derivation given in reference 25 ,  the 
~ 

This wi.11 be the 



€ X C > >  I (loa) 

Also, E will drop out of the result if 

€ << I 

Thus, the total surface pressure jump is taken to be 

- 1 + ( l + i ) E * [ r ( ~ + ~ ~ + 6 ) ] }  -i(Xx + k y y )  {ecXx Aps = ~ , e  

3 Po g (x, K x ,  A, ky)  - c < x < o  
The last identity defines the normalized response function, g. 

For an airfoil in rectilinear motion the far-field sound can be calculated 
in the same manner as described in reference 28 for leading edge noise. This 
was the method used for trailing edge noise described in references 25 and 26. 
The normalization of g in reference 28 differs from that in equation (11) above 
by the factor 2 ITP$U~. A l s o ,  the factor U in equation (18) of reference 28 
should be Uc for a surface pressure convecting at other than the freestream 
velocity. Taking account of this factor, equation(15) of reference 28 for the 
far-field sound spectrum of an airfoil in rectilinear motion becomes 

where 

u 2 = x 2 +  p2(y2+ 2 2 )  

s is the airfoil span and # is the wavenumber spectrum of the airfoil surface 
pressure produced by the turbulence. 
"effective lift". For an observer directly above the retarded source position 
(x = Bz, y = 0), all points on the airfoil will be at equal retarded distances 

qq 
The function F can be thought of as an 
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from the  obse rve r .  For t h i s  c a s e  t h e  exponen t i a l  phase f a c t o r  i n  equa t ion  (13a) 
drops  o u t  and 1 becomes t h e  normalized l i f t .  

S u b s t i t u t i o n  of  e q u a t i o n ( 1 1 )  f o r  g i n t o  equa t ion  (13a) and assumi-ng equa t ion  

+/-- 
where 

and where t h e  b a r  over  A ,  and 5 i n d i c a t e s  no rma l i za t ion  by t h e  semichord b .  

The on ly  remaining unknown i n  equa t ion  ( 1 2 )  i s  t h e  s u r f a c e  p r e s s u r e  spectrum 
S ince  t h e  wavenumber spectrum Qqq and t h e  c ros s -co r re l a -  Qqq o f  t h e  tu rbu lence .  

t i o n  f u n c t i o n  Rqq are F o u r i e r  t ransforms of one ano the r  

The q u a n t i t y  Rqq ( A , y )  can be r e l a t e d  t o  t h e  cross-spectrum t h a t  would be  
measured by two probes  s e p a r a t e d  by a d i s t a n c e  y.  Because t h e  tu rbu lence  i s  
assumed t o  be f r o z e n  and convec ts  a t  a speed U,, i t  can be desc r ibed  by a co r re -  
l a t i o n  f u n c t i o n  R (x-Uct,y). For f i x e d  t = to, t h e  f u n c t i o n  (x-Uct,y) 
r e p r e s e n t s  a s p a t i a l  c r o s s  c o r r e l a t i o n  w h i l e  f o r  f i x e d  x = xo t h e  f u n c t i o n  
r e p r e s e n t s  a t i m e w i s e  c r o s s  c o r r e l a t i o n ,  i . e . ,  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  
ob ta ined  from two f i x e d  s u r f a c e  probes  as  t h e  f l u i d  convec ts  by. The F o u r i e r  
t ransform of  t h e  f i r s t  c a s e  wi th  r e s p e c t  t o  x g i v e s  t h e  wavenumber spectrum Rqq 
w h i l e  t h e  F o u r i e r  t r ans fo rm of t h e  second case w i t h  r e s p e c t  t o  t i m e  g i v e s  t h e  
frequency spectrum Sqq. 

- 
44 qq 

The two are r e l a t e d  by t h e  f a c t o r  Uc as noted below 
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For an observer  i n  t h e  y = 0 p lane ,  Ky = 0 and e q u a t i o n s  (16) and (17)  g i v e  

where t h e  f a c t  t h a t  Sqq (w,y) i s  symmetric about  y = 0 w a s  used. 
c o r r e l a t i o n  f u n c t i o n  ly (w) can t h e n  be  d e f i n e d  as 

The spanwise 

F o r  y # 0, e q u a t i o n  (18) would c o n t a i n  a f a c t o r  exp ( - i  Ky yo) under t h e  i n t e g r a l ,  
and e q u a t i o n ( l 9 )  could n o t  b e  used t o  r e p l a c e  t h i s  i n t e g r a l .  However, h e r e  

w i l l  b e  assumed t o  be  independent of Ky; i . e . ,  t h e  assumption i s  made 
t h a t  
@qq(KxJy) 

@ q q ( h  Ky)  aqq ( A ,  0) (20) 

Then e q u a t i o n  (12) becomes 

'The assumption given by e q u a t i o n ( 2 0 )  does n o t  e l i m i n a t e  t h e  a n g l e  Q from t h e  d i r e c -  
t i v i t y  p r e d i c t i o n .  
s u r f a c e  p r e s s u r e  d i s t r i b u t i o n ,  and a l though t h i s  d i s t r i b u t i o n  a f f e c t s  t h e  d i r e c -  
t i v i t y  of  t h e  n o i s e  genera ted ,  i t  is  b e l i e v e d  t h a t  t h e  o t h e r  f a c t o r s  such as 
spanwise c o r r e l a t i o n  l e n g t h ,  which are r e t a i n e d  i n  t h e  a n a l y s i s ,  are more 
impor tan t .  

It i s  only  a s ta tement  of  t h e  d e t a i l s  of  t h e  boundary l a y e r  

A s  i n r e f e r e n c e s  25and 26, Sqq (w,o) w i l l  be  approximated u s i n g  measurements 
f o r  f l a t  p l a t e  boundary l a y e r s .  Thus, t h e  s u r f a c e  p r e s s u r e  spectrum d a t a  of 
Willmarth and Roos ( r e f .  29) ( a l s o  presented  
b u l e n t  boundary l a y e r  f low of d e n s i t y  po and 
mated by t h e  e x p r e s s i o n  

as f i g .  7-39 of r e f .  30) f o r  a t u r -  
f r e e s t r e a m  speed 

z x  IO-^ F (01) 

F(U) (I + U + 0.217U2 + 0.00562 U4y' 

JQ)~(rn)  d u 3.22 
-0 

U can be  approxi-  



* * where 8 = Kx 6 
g iven  approximately by ( r e f .  31) 

and 6 i s  t h e  t u r b u l e n t  boundary l a y e r  d i sp lacement  t h i c k n e s s  

6* /C  = 0.047 Re0'* 

and Rec i s  t h e  Reynolds based on chord. 
found by g r a p h i c a l  i n t e g r a t i o n  of t h e  curve  f o r  B given i n  f i g u r e  1 3  of 
r e f e r e n c e  32. T h i s  g i v e s  t h e  v a l u e  

The spanwise c o r r e l a t i o n  l e n g t h  can  be 

where Uc i s  t h e  convec t ion  v e l o c i t y  of t h e  tu rbu lence .  
f u n c t i o n  of f requency ,  b u t  w i l l  h e r e  be set e q u a l  t o  t h e  average  v a l u e  

I n  g e n e r a l  Uc i s  a 

It i s  r e a l i z e d  t h a t  t h e  expres s ions  g iven  by e q u a t i o n s  (20) t o  (25) are approx- 
ima t ions  which can  l ead  t o  e r r o r s .  T h i s  is  e s p e c i a l l y  t r u e  s i n c e  t h e y  are in tended  
f o r  i n f i n i t e  f l a t  p l a t e  boundary l a y e r s  whereas f o r  t h e  p r e s e n t  case t h e r e  i s  a 
t r a i l i n g  edge which can a f f e c t  t h e  flow i n  t h e  immediate v i c i n i t y .  D i f f e r e n c e  
between f l a t  p l a t e  s u r f a c e  p r e s s u r e  s p e c t r a  ( i n  t h e  absence of a t r a i l i n g  edge) 
and i s o l a t e d  a i r f o i l  s u r f a c e  p r e s s u r e  s p e c t r a  are d i s c u s s e d  i n  t h e  s e c t i o n  t i t l e d  
T r a i l i n g  Edge Noise P r e d i c t i o n s .  Experimental  measurements are used t o  q u a n t i f y  
t h e  d i f f e r e n c e s  between t h e s e  c o n f i g u r a t i o n s  and p r e d i c t  t h e  f a r  f i e l d  a c o u s t i c  
s p e c t r a  f o r  t h e  i s o l a t e d  a i r f o i l  and h e l i c o p t e r  r o t o r  b l a d e  c o n f i g u r a t i o n s  
i n v e s t i g a t e d  i n  t h e  p r e s e n t  s tudy .  

Equat ions  (13) t o  (25) are  t h e  b a s i s  f o r  t h e  t h e o r e t i c a l  p r e d i c t i o n  method 
p resen ted  h e r e i n .  (A  semi-empirical  p r e d i c t i o n  i s  g iven  la te r . )  It i s  i n t e r -  
e s t i n g  t o  examine c e r t a i n  of t h e s e  expres s ions  i n  l i m i t i n g  cases f o r  comparison 
wi th  work done p rev ious ly .  Because K,, i s  s e t  e q u a l  t o  z e r o  i n  Q p p ( S , % ) ,  t h e  
on ly  remaining f a c t o r s  c o n t r i b u t i n g  t o  t h e  d i r e c t i v i t y  f u n c t i o n  D ( e , @ )  are 

where 8 i s  t h e  a n g l e  between t h e  downstream x a x i s  and t h e  sou rce  obse rve r  
l i n e  and @ is  t h e  a n g l e  between t h e  xy p l ane  and t h e  p l a n e  c o n t a i n i n g  t h e  x a x i s  
and t h e  obse rve r  ( s e e  f i g u r e  3 ) .  Thus, 

x = r cos 8 

y = r sin 8 COS $ = ye (27) 

z = r sin 8 sin 4 = z, 

The r e t a r d e d  coord ina te s  re and 8, are i d e n t i f i e d  by t h e  s u b s c r i p t  e and can be 
shown t o  be  ( s e e  e . g . , r e f e r e n c e  39) 
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Q =  r e ( I + M C O S  ee) (28) 

For t h e  case of l a r g e  chord ( o r  high frequency)  

Ab>> I 

and us ing  t h e  r e l a t i o n  

equa t ion  (14) becomes 

Kxb >> I 

I - i  E*(x) - 
x-OD 2 

I n  t h e  y = 0 (4 = n/2) p lane  5 ,  = p so t h a t  from equa t ions  (261, (27) , (28) , 
and (31) 

-2 
O' (ee, T / Z )  - z sin2 (ee /z )  (I + M cos eeY' [I + (M - M,) cos e.] ( 3 2 4  

A r e s u l t  equ iva len t  t o  t h i s  has  been obta ined  by o t h e r  i n v e s t i g a t i o n s .  For 
example, Howe ( r e f .  11)  o b t a i n s  equa t ion  (32) b u t  w i th  one a d d i t i o n a l  f a c t o r  s i n c e  
he  a l lows  t h e  shed v o r t i c i t y  t o  convect  downstream a t  a speed unequal  t o  t h e  
stream speed. 
is  the s a m e  a s  equation ( 3 2 ) .  Goldstein ( ref .  4 2 )  also obtains a d i r e c t i v i t y  
expres s ion  f o r  t r a i l i n g  edge n o i s e ,  bu t  i n  t h e  presence  of a shea r  l a y e r .  I f  
equa t ion  (3.44) of Go lds t e in ' s  paper  is cor rec t ed  f o r  shea r  l a y e r  r e f r a c t i o n  i n  
t h e  manner desc r ibed  by Amiet ( r e f .  34 ) ,  t h e  r e s u l t  i s  i d e n t i c a l  t o  equa t ion  (32) 
above. 
and t r a i l i n g  edge n o i s e  i s  t o  be  publ ished i n  J. Sound and Vib ra t ion .  Add i t iona l  
d i s c u s s i o n s  of G o l d s t e i n ' s  a n a l y s i s  are g iven  i n  t h e  s e c t i o n  t i t l e d  "Experimental  
Assessment of T r a i l i n g  Edge Noise Rad ia t ion  From a Two-Dimensional A i r f o i l  Sec t ion . ' '  

I f  t h e s e  two speeds are equated,  as i s  assumed h e r e ,  Howe's r e s u l t  

The d e t a i l s  of t h i s  comparison w i t h  Go lds t e in ' s  r e s u l t s  f o r  bo th  l e a d i n g  

For low frequency o r  small chord/wavelength 
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Thus, f o r  a n  observer  i n  t h e  y = 0 p lane  

T h i s  g i v e s  a compact d i p o l e  l i k e  behavior  i n  t h a t  t h e  d i r e c t i v i t y  varies as 
s i n 2  Be r a t h e r  than  s i n 2  0,/2 as i n  equat ion  (32) .  
t h e  d i r e c t i v i t y  of  a d i p o l e  which would be  

Equation ( 3 4 )  i s  n o t  p r e c i s e l y  

The reason  f o r  t h i s  d i f f e r e n c e  is  t h a t  t h e  assumptions given by equat ion  ( l o ) ,  
which w a s  used i n  d e r i v i n g  e q u a t i o n  ( l l ) ,  no longer  hold f o r  very low frequency.  
T h i s  could be  r e c t i f i e d  by r e t a i n i n g  i n  equat ion  (14) t h e  e x p o n e n t i a l  term from 
e q u a t i o n  (11) .  However, t h i s  is  n o t  cons idered  necessary  as t r a i l i n g  edge 
n o i s e  is  b a s i c a l l y  a h i g h  frequency phenomenon l o c a l i z e d  near t h e  t r a i l i n g  
edge. A s  f requency d e c r e a s e s  caus ing  t h e  wavelength t o  approach the chord 
l e n g t h  i t  becomes improper t o  d e s c r i b e  t h e  n o i s e  as  coming from a small r e g i o n  
n e a r  t h e  t r a i l i n g  edge because t h e  l e a d i n g  edge g i v e s  a c o n t r i b u t i o n .  Thus, a t  
low frequency it  becomes less meaningful t o  c o n s i d e r  t r a i l i n g  edge n o i s e  as a 
d i s c r e t e  mechanism. 
t r a i l i n g  edge n o i s e  i s  provided by t h e  good agreement between t h e  d i r e c t i v i t y  
p a t t e r n  of equat ion  32 and t h e  measurements ob ta ined  i n  t h e  p r e s e n t  s tudy  
( s e e  s u b s e c t i o n s  t i t l e d  D i r e c t i v i t y  Assessment and Comparisons w i t h  Previous 
I n v e s t i g a t o r s ) .  

V e r i f i c a t i o n  of t h e  h igh  frequency c h a r a c t e r i s t i c s  of 

R o t a t i n g  Blade Noise P r e d i c t i o n  

Equat ion ( 2 1 ) ,  t o g e t h e r  wi th  t h e  a s s o c i a t e d  e q u a t i o n s  f o r  R and Spp, g i v e s  
t h e  f a r - f i e l d  t r a i l i n g  edge n o i s e  of  an a i r f o i l  i n  r e c t i l i n e a r  motion. T h i s  
formula t ion  must now be  t ransformed t o  t h e  r o t a t i n g  frame t o  provide  a p r o p e l l e r  
o r  h e l i c o p t e r  r o t o r  t r a i l i n g  edge n o i s e  p r e d i c t i o n .  The method employed assumes 
t h a t  t h e  spectrum of a g iven  b l a d e  segment is, a t  any p a r t i c u l a r  i n s t a n t ,  g iven  
by e q u a t i o n ( 2 1 ) .  This  " ins tan taneous  spectrum" v a r i e s  as t h e  r o t o r  moves about  
t h e  azimuth. 
averaged around t h e  azimuth, t o g e t h e r  w i t h  a weight ing f a c t o r  which accounts  f o r  
r e t a r d e d  t i m e  e f f e c t s .  
s t a n d a r d  technique  d i s c u s s e d  f u r t h e r  by Bendat and P i e r s o l  ( r e f .  3 8 ) .  

To f i n d  t h e  f i n a l  spectrum, t h i s  " ins tan taneous  spectrum" is  

This  i s  t h e  method used i n  r e f e r e n c e s  3 5 - 3 7 ,  and i s  a 

The p r e s e n t  formula t ion  f o r  t r a i l i n g  edge n o i s e  i s  somewhat s impler  i n  com- 
p a r i s o n  t o  s t u d i e s  i n  r e f e r e n c e s  3 5 - 3 7 .  I n  t h e  prev ious  s t u d i e s ,  t h e  problem of 
ro tor - turbulence  i n t e r a c t i o n  was modeled a n a l y t i c a l l y ,  and t h i s  involved t r e a t i n g  
blade-blade f o r c e  c o r r e l a t i o n s  s i n c e  more than  one b lade  could i n t e r s e c t  a given 
eddy. For t r a i l i n g  edge n o i s e ,  t h e  mechanism f o r  producing blade-blade c o r r e l a -  
t i o n  i s  a b s e n t  and t h e  n o i s e  from several b l a d e s  is  determined by t h e  n o i s e  from 
a s i n g l e  b l a d e  m u l t i p l i e d  by t h e  b lade  number. 



The p r e s e n t  a n a l y s i s  w i l l ,  t hus ,  be concerned w i t h  c a l c u l a t i n g  t h e  average  
spectrum produced by a s i n g l e  b l a d e  segment. F igu re  4 shows t h e  geometry of 
t h e  problem. The o r i g i n  of t h e  x,  y ,  z a x i s  i s  f i x e d  t o  t h e  r o t o r  hub wi th  z 
be ing  t h e  r o t o r  a x i s .  The axial  component of f low i s  i n  t h e  n e g a t i v e  z d i r e c t i o n .  
The obse rve r  is  assumed t o  be  i n  t h e  x-z p l ane  a t  a d i s t a n c e  r from t h e  hub and 
a t  an  a n g l e  8 '  w i t h  t h e  z a x i s .  
a n g l e  J I  t o  t h e  y a x i s ,  p o i n t i n g  inward as shown. The obse rve r  is  f i x e d  r e l a t i v e  
t o  t h e  r o t o r  hub, and t h e  x ,  y,  z c o o r d i n a t e  sys t em.  

The nonax ia l  component of f low M f ,  - i s  a t  an  

The b l a d e  segment i s  assumed t o  be a f l a t  p l a t e  making an a n g l e  a w i t h  t h e  
x-y o r  az imutha l  p l ane  where 

where Mt = az imutha l  Mach number of t h e  b l ade  ( r e l a t i v e  t o  t h e  f i x e d  obse rve r ,  
n o t  t h e  f l u i d ) .  Equation (36) assumes t h a t  t h e  a i r f o i l  i s  a l i g n e d  wi th  t h e  flow, 
implying ze ro  s t eady  load ing .  Because of t h e  skewed inf low,  t h e r e  w i l l  be a 
spanwise component Ma of flow over  t h e  b l a d e  where 

The chordwise component Mchof - flow Mach number i s  

Mc.,= [M++ Mf C O S ( Y + J I ) ]  (-?sin Y + r C O S  Y )  + C; M, 

The expres s ion  g iven  by equa t ion  (21) f o r  t h e  f a r - f i e l d  sound of an  a i r f o i l  
i n  r e c t i l i n e a r  motion i s  w r i t t e n  i n  terms of t h e  present  a i r f o i l  p o s i t i o n .  I n  
o r d e r  t o  be  a b l e  t o  apply  t h i s  r e l a t i o n  t o  t h e  r o t a t i n g  a i r f o i l  segment, t h e  
e q u i v a l e n t  of t h e  p r e s e n t  p o s i t i o n  must  be c a l c u l a t e d  f o r  the  airfoil segment. 
This  "p resen t  p o s i t i o n "  i s  t h e  p o s i t i o n  of t h e  a i r f o i l  segment i - e l a t ive  t o  t h e  
f l u i d  i f  i t  were t o  move a long  a r e c t i l i n e a r  pa th  a f t e r  sound gene ra t ion  u n t i l  
t h a t  sound reached t h e  obse rve r .  An a l t e r n a t i v e  method would be  t o  c a l c u l a t e  t h e  
r e t a r d e d  source  p o s i t i o n  and rewrite equa t ion  (21)  i n  terms of t h e  r e t a r d e d  source  
p o s i t i o n .  Both methods should be  of equa l  d i f f i c u l t y  and should g i v e  t h e  same 
r e s u l t s ;  t h e  former w i l l  be  used h e r e  s i n c e  i t  i s  t h e  method used i n  t h e  p rev ious  
r e f e r e n c e s .  

Both methods beg in  w i t h  a c a l c u l a t i o n  of t h e  r e t a r d e d  source  p o s i t i o n  of t h e  
a i r f o i l  segment ( o r  t h e  r o t o r  hub s i n c e  d i s t a n c e s  on t h e  o r d e r  of t h e  a c o u s t i c  
sou rce  s i z e  a r e  n o t  impor tan t  when c a l c u l a t i n g  t h e  sou rce  p o s i t i o n  f o r  a f a r -  
f i e l d  obse rve r ) .  I f  a t  t i m e  t = 0 a marker i s  p laced  i n  t h e  f l u i d  and a b u r s t  
of sound i s  emi t t ed ,  a t  t i m e  t = T e ,  when t h e  observer  h e a r s  t h e  sound b u r s t ,  t h e  
marker w i l l  move t o  p o s i t i o n  I C ~ .  The obse rve r  is  a t  
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x - r (T sin e'+ C; cos e') (39) 
-0 - 

which corresponds to a distance re from the retarded source point ffs. Thus, 

2 2  2 re2 = ( r  sin e'- XJ + ys + ( r  COS e'- zS. 

Also, 

Since Mf and E, are given by 
A 

M_,=-M,k 

the retarded source coordinates are 

X s  = -Te Co Mf sin 9 = - Mf re sin 9. 

ZS - M, re 

Substitution of equation(43)into equation(40)leads to the following result for re 

re = - I-M, 2 

where 

M:= M:+M,~ 

(44) 

(45) 

and Ms coso= Mf sin JI cos 0 '  + M, COS 0 ' .  

By calculating (Ms /P ls ) * ( -~o ) ,  Ois shown to be the angle between the convec- 
tion Mach number Ms and the vector linking the observer and the source, -xo.  
Substitution of equation ( 4 4 )  into equation (43) determines the retarded Source 
position xs. 
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The "present"  sou rce  p o s i t i o n  x i s  found by adding t o  t h e  r e t a r d e d  source  -P 
v e c t o r  a v e c t o r  g i v i n g  t h e  chordwise a i r f o i l  movement du r ing  t h e  t i m e  Te. 
spanwise component of f l u i d  v e l o c i t y  i s  ignored h e r e  s i n c e  i t  was ignored  i n  
d e r i v i n g  e q u a t i o n ( 2 1 ) .  
i n f i n i t e  span a i r f o i l  i n  r e c t i l i n e a r  motion, any spanwise flow v e l o c i t y  can be  
e l imina ted  by a c o o r d i n a t e  t r ans fo rma t ion .  
t h e  "present"  sou rce  p o s i t i o n  i s  t o  f i n d  t h e  a p p r o p r i a t e  c o o r d i n a t e s  f o r  u se  i n  
equa t ion  (21) .  T h i s  p o s i t i o n  i s  

The 

Th i s  is  p o s s i b l e  because i n  c a l c u l a t i n g  t h e  n o i s e  of an 

The only  purpose of  c a l c u l a t i n g  

In t roduc ing  equa t ions  ( 4 3 )  and (38) i n t o  equa t ion  ( 4 6 )  g i v e s  

A 
l!p/re = - I [Mt s i n  Y +  Mf cos Y sin ( y +  JI,] 

+? [Mt cos Y -  Mf sin Y sin ( Y +  913 
( 4 7 )  

For a c o o r d i n a t e  system a t  t h i s  "present"  sou rce  p o s i t i o n  t h e  obse rve r  has  
c o o r d i n a t e s  XI g iven  by - 

Eqcat ion  (21) i s  g iven  i n  a c o o r d i n a t e  system i n  which t h e  f l a t  p l a t e  a i r f o i l  
l i e s  i n  t h e  x-y p l ane  w i t h  t h e  span a long  y.  The 51 c o o r d i n a t e  s y s t e m  above 
must be r o t a t e d  t o  t h e  same o r i e n t a t i o n  wi th  r e s p e c t  t o  t h e  a i r f o i l .  Ro ta t ion  
of t h e  x1  - system about  t h e  z1 a x i s  by an  ang le  y g ives  t h e  x2 - system wi th  y2 
now po in ted  a long  t h e  a i r f o i l  span 

x 2  = xl sin Y -  yI cos Y 

Y2 = X ,  COS Y +  yI sin Y 
( 4 9 )  

By r o t a t i n g  t h e  x2 system about t h e  y2 axis by a n  a n g l e  Q g i v e s  t h e  x3 system 
wi th  x3 a long  t h e  chord p o i n t i n g  from l e a d i n g  t o  t r a i l i n g  edge and 

x3 = x2 cos Q - z2 sin a 

Y3= Y2 (50) 

z3= x,s in  Q + z2ms Q 

The x 
needed i n  equa t ion  (21).  In t roduc ing  equa t ions  ( 4 7 )  t o  ( 4 9 )  and equa t ion  ( 3 9 )  i n t o  
equa t ion  ( 5 0 )  g i v e s  f o r  t h e  observer  p o s i t i o n  

system is  t h e  a p p r o p r i a t e  sys t em f o r  c a l c u l a t i o n  of t h e  obse rve r  p o s i t i o n  -3 
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where 

and 

cos @ = cos e' sin Q - sin e'sin Q cos Q 

Here CP i s  t h e  ang le  between t h e  x3 a x i s  and t h e  a c t u a l  a i r f o i l  p o s i t i o n  (no t  t h e  
p re sen t "  p o s i t i o n  de f ined  above);  t h i s  can be seen  by s u b s t i t u t i n g  xo f o r  x1 i n  

equa t ion  (49) and proceeding  t o  t h e  c a l c u l a t i o n  of x3 i n  equa t ion  (51 ) .  

I t  

Equations (51) t o  (53) are t h e  a p p r o p r i a t e  " in s t an taneous  obse rve r  coord ina te s"  
t o  u s e  i n  c a l c u l a t i n g  t h e  sound spectrum given  by equa t ion  (21).  
i s  a f u n c t i o n  of time. I n  o r d e r  t o  c a l c u l a t e  t h e  t i m e  averaged spectrum, a n  
average  around the  azimuth must b e  determined. T h i s  ave rage  must account f o r  
bo th  t h e  Doppler s h i f t i n g  of frequency as t h e  a i r f o i l  segment moves r e l a t i v e  t o  
t h e  obse rve r ,  and t h e  r e t a r d e d  t i m e  e f f e c t s  as t h e  b l a d e  moves around t h e  azimuth. 
The l a t t e r  c o r r e c t i o n  i s  needed because t h e  b l a d e  spends d i f f e r e n t  amounts of 
t i m e ,  i n  a n  a c o u s t i c  s e n s e ,  a t  each az imutha l  l o c a t i o n .  A s  noted i n  r e f e r e n c e  35, 
t h e  p rope r  az imutha l  weight ing  is  t h e  f a c t o r  w/wo where w i s  t h e  f requency  of t h e  
a i r f o i l  f o r c e s  and wo i s  t h e  Doppler s h i f t e d  frequency. The az imutha l ly  averaged 
spectrum i s  then  

The a n g l e  y = R t  

I 

The spectrum Spp (2,  wo, y) f o r  t h e  c a s e  of r e l a t i v e  motion between source  and 
obse rve r  i s  r e l a t e d  t o  Spp (2, w , y )  w i t h  no r e l a t i v e  motion by t h e  Doppler f a c t o r  
w/wo;  i . e . ,  as shown i n  r e f e r e n c e  39. 

2 Thus, equa t ion  (54) and (55 ) ,  t o g e t h e r  i n t roduce  a f a c t o r  of (w/wo)  . 
The Doppler f a c t o r  w / w o  i s  shown i n  r e f e r e n c e  39 t o  be  
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where M = Mach number of source  r e l a t i v e  t o  observer  -t 

M = Mach number of source  r e l a t i v e  t o  f l u i d  -r 

OS = u n i t  v e c t o r  from r e t a r d e d  source  p o s i t i o n  t o  obse rve r .  
A 

I n  v e c t o r  n o t a t i o n  

Mt = Mt(-/isin Y+Tcos  Y )  
A Ur = I (Mf Sin 9- Mt Sin 7 )  +T(Mf COS 9 + M+ COS Y )  +t M, 

os =T(x-x , )  +~ (y -ys )+ i ; ( z -z , )  

Using equa t ion  (43) and t h e  f a c t  t h a t  l O S l  - = re g i v e s  

and f i n a l l y  from equa t ion  ( 5 6 )  

M +  [X sin Y -  Mf re coS(Y+'k)l  

( I - M s  ) re-xMfsin9-zMM,  e =  I +  2 

(57) 

(59) 

The f i n a l  r e s u l t  from t h e  az imutha l ly  averaged spectrum is  g iven  by 
equa t ions  ( 5 4 ) ,  (55) ,  and (59) w i t h  Spp (x, o, y) i n  equat ion  (55) g iven  by 
equa t ion  ( 2 1 ) .  The x ,  y,  z coord ina te s  t o  be  used i n  equa t ion  (21)  are 
x3, y3, 23, r e s p e c t i v e l y ,  g iven  by equat ion  (51) .  
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DESCRIPTION OF THE EXPERIMENT 

Acoustic Research Tunnel 

Operating Characteristics - The experimental study was conducted in the 
UTRC Acoustic Research Tunnel. A detailed description of the facility is given 
in reference 40.  The tunnel, shown schematically in figure 2, is an open-circuit, 
open-jet design. The inlet is provided with a high length-to-diameter ratio 
honeycomb section and a series of turbulence suppression screens. These features, 
in conjunction with a large tunnel contraction, provide a spatially uniform, 
temporally stcady flow with a controlled test section turbulence level of approxi- 
mately 0.2 percent. Turbulence generators and grids can be inserted upstream of 
the nozzle to generate wake profiles and a range of turbulence levels in the test 
sect ion. 

The open jet test section is surrounded by a sealed anechoic chamber 4 . 9  m 
high, 5.5 m long (axial direction), and 6 . 7  m wide. Downstream of the test sec- 
tion the airflow enters a diffuser by way of a circular collector that has anechoic 
treatment on its flow impingement surface. The diffuser operates unstalled and 
is thus not a major source of background noise. To avoid tunnel fan noise from 
propagating upstream into the anechoic chamber, a Z-shaped muffling section with 
two right-angle bends and parallel treated baffles is located between the diffuser 
and the fan. The 1100 kW centrifugal fan exhausts to the atmosphere through an 
exhaust tower. 

Tunnel speed is determined from total pressure measurements at the contrac- 
tion inlet and static pressure measurements within the sealed anechoic chamber. 
Since losses are confined to the boundary layer, total pressure upstream and 
downstream of the contraction are predicted and have been verified, to be equal. 
The test section velocity has been shown to be temporally steady. 

Open Jet Geometry and Test Section Arrangement - A rectangular 0.79 m by 
0.53 m test section provided two-dimensional flow conditions for the helicopter 
main rotor blade segment. 
direction, between the two horizontal sideplates shown in figure 5 .  The sidewalls 
provided a uniform spanwise mean flow and eliminated the problem of additional 
noise generation by incident turbulence had the airfoil extended through the 
thick turbulent open-jet shear layer. 
wall permitted angle-of-attack variations. 

The blade segment was mounted vertically in the 0.53 m 

The airfoil mounting plates on each side- 

Triangular tabs previously used to suppress the edge tone phenomenon (ref. 4 0 )  
between the inlet nozzle and collector were not needed. This was because the 
asymmetry produced by the rectangular jet flowing into the circular collector 
destroyed the flow field spatial coherence responsible for edge tone generation. 
Removal of the edge tone suppression tabs was investigated in the earlier trailing 
edge noise study of Schlinker (ref. 5). Overall background noise was reduced by 
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approximately 5 dB by removing t h e  t a b s .  Unfo r tuna te ly ,  t h i s  improvement w a s  
n o t  s u f f i c i e n t  t o  d e t e c t  t h e  a i r f o i l  t r a i l i n g  edge n o i s e  over t h e  f a c i l i t y  
background n o i s e .  A s  i n  t h e  p r e s e n t  s tudy ,  a d i r e c t i o n a l  microphone w a s  needed 
t o  measure t h e  a i r f o i l  s e l f  n o i s e .  

Model A i r f o i l  

The o b j e c t i v e  of t h e  exper imenta l  phase of t h i s  s tudy  w a s  t o  measure t u r -  
b u l e n t  boundary l a y e r  n o i s e  a t  Reynolds numbers c l o s e  t o  f u l l  scale. For 
t h i s  purpose,  a 0.53 m spanwise segment of a h e l i c o p t e r  main r o t o r  w a s  employed. 
(Note t h a t  a l l  a c o u s t i c  s p e c t r a  measured i n  t h e  p r e s e n t  s tudy  were conver ted  
t o  t h e  a c o u s t i c  r a d i a t i o n  from a u n i t  spanwise l e n g t h  (1 f t  o r  0 .3  m) of t h e  
model a i r f o i l . )  The a i r f o i l  segment, shown i n  f i g u r e s  5 and 6 ,  i s  p a r t  of a 
l a r g e r  main r o t o r  assembly used f o r  aerodynamic response  t e s t s  conducted a t  
UTRC ( r e f .  41 ) .  The tes t  a i r f o i l  w i th  i t s  0 . 4 1  m chord permi t ted  va ry ing  t h e  
Reynolds number between 9.5 x l o5  and 5.2 x l o 6 .  
number i s  c l o s e  t o  t h e  v a l u e  d e s c r i b i n g  t h e  flow nea r  t h e  t i p  of a h e l i c o p t e r  
main r o t o r  w i th  t h e  same chord and a t i p  Mach number nea r  M = 0.8.  

Here t h e  l a r g e r  Reynolds 

Although t h e  o p e r a t i n g  Reynolds number range  of t h e  model a i r f o i l  w a s  
s e l e c t e d  t o  s i m u l a t e  f u l l - s c a l e  r o t o r  c o n d i t i o n s ,  t r a n s i t i o n  was n o t  expected 
t o  occur a t  t h e  same l o c a t i o n  as on a product ion  r o t o r  b l ade .  This  is  because 
t h e  r o t o r  segment i n  f i g u r e  6 had a smooth s u r f a c e  f i n i s h  s i n c e  i t  was machined 
a i r f o i l  s e c t i o n .  Thus, t r a n s i t i o n  would n o t  occur u n t i l  t h e  s t a r t  of t h e  ad- 
v e r s e  p r e s s u r e  g r a d i e n t .  I n  c o n t r a s t  p roduct ion  r o t o r s  u s u a l l y  have a n  abra-  
s i o n  s t r i p  cover ing  t h e  l e a d i n g  edge of t h e  p r o f i l e  as dep ic t ed  by t h e  a i r f o i l  
c r o s s - s e c t i o n  shown i n  f i g u r e  7 .  The d i s c o n t i n u i t y  i n  t h e  j o i n t  between t h e  
a b r a s i o n  s t r i p  and r o t o r  s u r f a c e  can be s u f f i c i e n t  t o  cause  laminar t o  turbu- 
l e n t  t r a n s i t i o n  of t h e  boundary layer upstream of t h e  minimum s t a t i c  p r e s s u r e .  

F o r t u n a t e l y ,  t h e  s t a r t  of t h e  adverse  p r e s s u r e  g r a d i e n t  and t h e  a b r a s i o n  
s t r i p  j o i n t  are l o c a t e d  w i t h i n  t h e  f i r s t  10 pe rcen t  of t h e  model a i r f o i l  chord.  
This  is s u b s t a n t i a t e d  by f i g u r e  8 which shows t h e  l o c a t i o n  of t h e  minimum 
s t a t i c  p r e s s u r e  s t a t i o n  on t h e  a i r f o i l  s u c t i o n  s i d e  f o r  t h e  v a r i o u s  a n g l e s  of 
a t t a c k  t e s t e d  i n  t h e  p r e s e n t  s tudy .  Also shown i s  t h e  approximate l o c a t i o n  of 
t h e  a b r a s i o n  s t r i p  j o i n t  on t h e  s p e c i f i c  product ion  r o t o r  which t h e  model a i r -  
f o i l  segment s imula ted .  

To ensu re  t h a t  t h e  t r a n s i t i o n  p o i n t  always occurred  a t  t h e  same p o i n t  on 
t h e  model a i r f o i l  t h e  boundary l a y e r s  were t r i p p e d  a t  t h e  10 pe rcen t  chord 
s t a t i o n  on both  s i d e s  of t h e  a i r f o i l .  
0.08, w a s  needed on t h e  p r e s s u r e  s u r f a c e  s i d e  t o  enhance t h e  s u r f a c e  roughness 
a t  p o s i t i v e  a n g l e s  of a t t a c k .  
l imina ry  tes ts  a t  p o s i t i v e  ang le s  of a t t a c k  i n d i c a t e d  t h a t  a s i n g l e  t r i p  would 
n o t  provide  a t u r b u l e n t  f low a t  t h e  t r a i l i n g  edge on t h e  p r e s s u r e  s i d e  of t h e  
a i r f o i l .  

An a d d i t i o n a l  t r i p ,  l o c a t e d  a t  x / c  = 

Vortex shedding n o i s e  observed d u r i n g  pre- 
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The boundary l a y e r  t r i p p i n g  dev ice  employed a t h i n  s e r r a t e d  aluminum tape 
wi th  i t s  s e r r a t i o n s  f a c i n g  forward as shown i n  f i g u r e  6 .  Th i s  geometry i s  
based on t h e  technique  r epor t ed  by Hama i n  r e f e r e n c e  4 2 .  Tape t h i c k n e s s  w a s  
s e l e c t e d  t o  provide  minimum s u r f a c e  p r o t r u s i o n  t o  avoid u n n a t u r a l l y  l a r g e  o r  
d i s t o r t e d  t r a i l i n g  edge t u r b u l e n t  boundary l a y e r s .  The c r i t e r i a  s e l e c t e d  i n  
t h e  p r e s e n t  s tudy  r e q u i r e d  t h a t  t h e  r a t i o  of tape t h i c k n e s s ,  T, t o  t h e  l o c a l  
boundary layer  d isp lacement  t h i c k n e s s ,  6 , be  u n i t y ,  i . e . ,  T/6*  = 1. 
avoided d i s t u r b i n g  t h e  f r e e s t r e a m  v e l o c i t y  p r o f i l e  o u t s i d e  t h e  boundary l a y e r .  
Local 6 v a l u e s  were es t imated  us ing  t h e  f l a t  p l a t e  boundary l a y e r  equat ion .  
V e l o c i t i e s  needed f o r  t h i s  c a l c u l a t i o n  were obta ined  from s u r f a c e  s t a t i c  pres-  
s u r e  cu rves  which were used t o  c a l c u l a t e  t h e  l o c a l  i n v i s c i d  v e l o c i t y  f i e l d .  

* 
This  

* 

Local Reynolds number based on t h e  v e l o c i t y  a t  t h e  t r i p  t h i c k n e s s  w a s  
approximate ly  400 on t h e  a i r f o i l  s u c t i o n  s i d e .  Hama r epor t ed  t h a t  t h e  s e r r a t e d  
t r i p  becomes e f f e c t i v e  a t  a c r i t i c a l  Reynolds number of Recr  2 4 5 .  
i m p l i e s  t h a t  t h e  p r e s e n t  t r i p  t h i c k n e s s  w a s  s u f f i c i e n t  t o  cause  t r a n s i t i o n .  
Moreover, a c o n s t a n t  spanwise t r a n s i t i o n  s t a t i o n  w a s  a s su red  because of t h e  
three-dimensional n a t u r e  of t h e  boundary l a y e r  d i s t u r b a n c e  ( r e f .  4 2 ) .  Note 
t h a t  t h e  s e r r a t e d  t r i p  approach i s  more e f f e c t i v e  than  the  t r a d i t i o n a l  c y l i n -  
d r i c a l  t r i p  dev ice  f o r  which Recr 2, 900 ( r e f .  4 3 )  o r  t h e  d i s t r i b u t e d  roughness 
approach wi th  Recr  % 120 ( r e f .  4 3 ) .  

This  

The presence  of t h e  above desc r ibed  boundary l a y e r  t r i p s  on t h e  p r e s s u r e  
s i d e  of t h e  a i r f o i l  e l imina ted  t h e  phenomenon of d i s c r e t e  v o r t e x  shedding no i se .  
Without t h e s e  t r i p s  t h e  boundary l a y e r  flow w a s  laminar a t  p o s i t i v e  a n g l e s  of 
a t t a c k .  Pa te r son ,  e t  a l .  ( r e f .  4 4 )  demonstrated t h a t  such a laminar  boundary 
l a y e r  can cause v o r t e x  shedding n o i s e  a t  d i s c r e t e  f r equenc ie s .  

S ince  t h e  s tudy  of Pa te r son ,  e t  a l . ,  v o r t e x  shedding h a s  been t h e  s u b j e c t  
of numerous model r o t o r ,  p r o p e l l e r ,  and a i r f o i l  s t u d i e s .  This  mechanism, 
however, would n o t  be  expected t o  occur  on product ion  main r o t o r s  s ince  t h e  
a b r a s i o n  s t r i p  would cause  e a r l y  t r a n s i t i o n .  
of t h e  f low nea r  t h e  o u t e r  p o r t i o n  of t h e  r o t o r  span would r e s u l t  i n  e a r l y  
t r a n s i t i o n  f o r  t h i s  dominant n o i s e  r e g i o n  of t h e  r o t o r .  Therefore ,  from a 
p r a c t i c a l  s t a n d p o i n t  v o r t e x  shedding i s  n o t  an impor tan t  n o i s e  mechanism. 
Consequently, t h e  boundar l a y e r  t r i p  on t h e  two-dimensional a i r f o i l  ensured 
t h a t  t h e  model a i r f o i l  tests s imula ted  f u l l - s c a l e  o p e r a t i n g  c o n d i t i o n s .  Addi- 
t i o n a l  v e r i f i c a t i o n  of t h e  absence of v o r t e x  shedding w a s  ob ta ined  from t h e  
a c o u s t i c  spectrum measurements. 

Also, t h e  h igh  Reynolds number 

D i r e c t i o n a l  Microphone System 

The o b j e c t i v e  of t h e  exper imenta l  s tudy  w a s  t o  measure t h e  t r a i l i n g  edge 
n o i s e  genera ted  by a two-dimensional segment of a h e l i c o p t e r  r o t o r .  The v a r i o u s  
f a c i l i t y  background n o i s e  sou rces ,  shown i n  f i g u r e  9 ,  dominated over t h e  a i r f o i l  



n o i s e .  To suppres s  t h e s e  ex t r aneous  sou rces  and d e t e c t  on ly  t h e  a i r f o i l  n o i s e  
r e q u i r e d  t h e  u s e  of t h e  d i r e c t i o n a l  microphone system i l l u s t r a t e d  i n  f i g u r e  9. 
Th i s  approach was p rev ious ly  shown by Sch l inke r  ( r e f .  5) t o  be  s u c c e s s f u l  a t  
i s o l a t i n g  a i r f o i l  s e l f  no i se .  
f a m i l i a r i z e  t h e  r e a d e r  w i th  t h e  technique  wi th  a d d i t i o n a l  d e t a i l s  p resented  i n  
Appendix A. 

A b r i e f  d i s c u s s i o n  w i l l  be provided h e r e  t o  

Opera t ing  C h a r a c t e r i s t i c s  - The UTRC wide frequency band, h i g h l y  d i r e c -  
t i o n a l  microphone system i s  similar t o  t h a t  p rev ious ly  developed f o r  j e t  n o i s e  
sou rce  l o c a t i o n  measurements. The exper imenta l  t echnique ,  based on an  o p t i c a l  
ana logy ,  u s e s  t h e  r e f l e c t i n g  s u r f a c e  of a concave m i r r o r  t o  form an  image of 
t h e  sound emanating from a segment of t h e  a i r f o i l  s u r f a c e .  The p r e s e n t  des ign  
w a s  based on t h e  work by Laufer ,  Sch l inke r ,  and Kaplan i n  r e f e r e n c e  45 ( s e e  
Sch l inke r  ( r e f .  46) f o r  a more d e t a i l e d  d i s c u s s i o n ) ,  i n  which q u a n t i t a t i v e  
measurements of supe r son ic  j e t  n o i s e  a c o u s t i c  source  d i s t r i b u t i o n s  were made. 

The 1.067 m a p e r t u r e  s p h e r i c a l  r e f l e c t o r ,  shown schemat i ca l ly  i n  f i g u r e  1 0 ,  
h a s  a r a d i u s  of c u r v a t u r e  Rc = 1.346 m. 
f o c a l  p o i n t ,  is  d i r e c t e d  toward t h e  r e f l e c t i n g  s u r f a c e  ( f i g s .  11, 1 2 ) .  A 
microphone g r i d  i s  used i n  a l l  experiments.  The f o c a l  p o i n t  microphone d i s -  
t ance ,  r i ,  from t h e  c e n t e r  of t h e  r e f l e c t o r  is c o n t r o l l e d  by t h e  s imple  l e n s  
equa t ion  shown i n  f i g u r e  1 2 .  

A 0.635 cm microphone, s i t u a t e d  a t  t h e  

T e s t  Set-up - The d i r e c t i o n a l  microphone tes t  set-up is  shown i n  t h e  
photographs of f i g u r e s  5 and 11. The s y s t e m  w a s  t r a v e r s e d  para l le l  t o  t h e  open 
j e t  from a s t a t i o n  upstream of t h e  a i r f o i l  l e a d i n g  edge t o  a s t a t i o n  downstream 
of t h e  t r a i l i n g  edge. Vertical p o s i t i o n  of t h e  r e f l e c t o r  c e n t e r l i n e  w a s  aimed 
a t  midspan of t h e  t es t  s e c t i o n .  

To o b t a i n  sou rce  d i r e c t i v i t y  informat ion  i n  t h e  p l ane  normal t o  t h e  air-  
f o i l ,  t h e  system w a s  aimed a t  s e v e r a l  d i f f e r e n t  ang le s  r e l a t i v e  t o  t h e  open j e t  
c e n t e r l i n e .  A s  t h e  u n i t  scanned p a s t  t h e  a i r f o i l ,  t h e  ou tpu t  of t h e  f o c a l  
p o i n t  microphone and t h e  a x i a l  p o s i t i o n  senso r  w e r e  recorded  on magnetic t a p e .  
Traverse  speeds  were always less than  0.5 cm/sec. 

Forward F l i g h t  E f f e c t s  

Shear Layer R e f r a c t i o n  and S c a t t e r i n g  of Sound - For tes ts  conducted a t  
f r e e s t r e a m  Mach numbers less than  0.1,measurements  o u t s i d e  t h e  open j e t  can 
be used t o  d i r e c t l y  i n f e r  t h e  source  n o i s e  c h a r a c t e r i s t i c s .  However, a t  
h ighe r  Mach numbers, t h e  open j e t  technique  i s  in f luenced  by t h e  s h e a r  l a y e r  
through which t h e  sound i s  t r a n s m i t t e d .  The shea r  l a y e r  r e f r a c t s ,  r e f l e c t s ,  
and s c a t t e r s  t h e  sound r a d i a t e d  from t h e  model s i g n i f i c a n t l y  a l t e r i n g  t h e  
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a c o u s t i c  sou rce  d i r e c t i v i t y  p a t t e r n .  A b r i e f  d i s c u s s i o n  of t h e  r e f r a c t i o n  
c o r r e c t i o n s  is presented  he re .  Changes due t o  r e f l e c t i o n  by t h e  s h e a r  l a y e r  
were minimal f o r  t h e  angu la r  measurement r ange  i n v e s t i g a t e d  h e r e .  Add i t iona l  
d e t a i l s  of t h e  r e f r a c t i o n  c o r r e c t i o n s  and t h e  r e s u l t i n g  "apparent" sou rce  
p o s i t i o n  are g iven  i n  Appendix B.  
phone measurements a re  a l s o  desc r ibed .  

S c a t t e r i n g  e f f e c t s  on d i r e c t i o n a l  micro- 

An example of t h e  r a y  p a t h  geometry f o r  t r ansmiss ion  of sound through a 
s h e a r  l a y e r  i s  shown i n  f i g u r e  13 .  Here, wavefronts propagat ing  i n  t h e  d i r e c -  
t i o n ,  B C ,  i n s i d e  t h e  airstream propagate  i n  t h e  d i r e c t i o n ,  e t ,  o u t s i d e  t h e  
open j e t .  The a c t u a l  pa th  of t h e  a c o u s t i c  r a y  i s  desc r ibed  by t h e  p o i n t s  SBO. 
The change from 8, t o  8, is  a r e s u l t  of r e f r a c t i o n  by t h e  s h e a r  l aye r .  
f low t h e  sound propagates  a t  a n g l e  8,. 

Without 

D i r e c t i v i t y  in fo rma t ion  i n  t h e  p r e s e n t  s tudy  w a s  ob ta ined  over a range  of 

e t ,  t o  o b t a i n  t h e  sound i n i t i a l l y  
a n g l e s ,  8,. To account f o r  t h e  r e f r a c t i o n  e f f e c t ,  t h e  d i r e c t i o n a l  microphone 
system w a s  r o t a t e d  i n  advance t o  a n g l e ,  
r a d i a t e d  i n  t h e  d i r e c t i o n ,  B C .  
t h e  d i r e c t i o n a l  microphone p a s t  t h e  a i r f o i l  t r a i l i n g  edge i s o l a t e d  the  sound 
r a d i a t e d  i n  t h e  d i r e c t i o n  of interest .  

T h i s  i s  i l l u s t r a t e d  i n  f i g u r e  1 4 ( a ) .  Scanning 

A i r f o i 1 , A n g l e  of At tack  i n  Open J e t  - L i f t i n g  a i r f o i l s  w i t h i n  an  open 
j e t  induce c u r v a t u r e  of t h e  shea r  l a y e r  and d e f l e c t i o n  of t h e  j e t .  I f  t h e  
wind t u n n e l  has  no downstream phys ica l  c o n s t r a i n t  on p o s i t i o n  of t h e  d e f l e c t e d  
j e t ,  t h e  l i f t i n g  a i r f o i l  r o t a t e s  t h e  j e t  u n t i l  i t s  downward momentum i s  equa l  
t o  t h e  l i f t  f o r c e  p e r  u n i t  time. The r e l a t i v e  a i r f o i l  a n g l e  of a t t a c k  is  
then  reduced by t h e  j e t  d e f l e c t i o n .  This  e f f e c t  w a s  n o t  accounted f o r  i n  t h e  
p r e s e n t  s tudy .  A l l  a n g l e  of a t t a c k  v a l u e s ,  t h e r e f o r e ,  r e f e r  t o  the geometric 
a n g l e  of a t t a c k .  

In s t rumen ta t ion  

Acous t ic  sound p r e s s u r e  l e v e l s  a t  t h e  r e f l e c t o r  f o c a l  p o i n t  were measured 
us ing  a 0.635 c m  d iameter  microphone (wi th  g r i d )  a t  normal inc idence .  The 
normal o r i e n t a t i o n  in t roduced  a frequency dependent microphone response  which 
i s  t y p i c a l l y  a f u n c t i o n  of t h e  ang le  between t h e  normal t o  t h e  diaphragm and 
t h e  a c o u s t i c  r a y  d i r e c t i o n .  This e f f e c t  w a s  inc luded  i n  t h e  d i r e c t i o n a l  
microphone g a i n  c a l i b r a t i o n  which compared t h e  f o c a l  p o i n t  microphone ou tpu t  
with,  an  omnid i r ec t iona l  microphone ou tpu t  a t  g raz ing  inc idence .  The g a i n  
measurement, which w a s  p rev iosu ly  r epor t ed  i n  r e f e r e n c e  5, w a s  r epea ted  i n  t h e  
p r e s e n t  s tudy  as a check on t h e  d i r e c t i o n a l  microphone system (see Appendix B ) .  

The f o c a l  p o i n t  microphone s i g n a l  w a s  ampl i f i ed  and recorded on magnetic 
t ape .  The f requency  response  of t h e  FM t a p e  system was f l a t  over t h e  frequency 
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range  i n v e s t i g a t e d  he re .  The ou tpu t  from a l i n e a r  po ten t iome te r ,  used t o  
sense  t h e  d i r e c t i o n a l  microphone p o s i t i o n ,  w a s  a l s o  recorded .  
processed wi th  a 113  oc tave  band ana lyze r .  An X-Y p l o t t e r  d i sp l ayed  t h e  
s e l e c t e d  113 oc tave  band sound p r e s s u r e  l e v e l  as a f u n c t i o n  of r e f l e c t o r  
aiming p o s i t i o n .  

The d a t a  w a s  

The slew ra te  a s s o c i a t e d  wi th  t h e  con t inuous ly  va ry ing  f o c a l  p o i n t  micro- 
phone ou tpu t  w a s  less than  t h e  maximum a c c e p t a b l e  r a t e  f o r  t h e  1 / 3  oc t ave  band 
a n a l y z e r .  This  w a s  v e r i f i e d  expe r imen ta l ly  by s topp ing  t h e  t r a n s v e r s e  and 
checking f o r  an a n a l y z e r  ou tpu t  l a g .  
present s tudy ,  d i r e c t i o n a l  microphone measurements of a moving source  could  
encounter  such d i f f i c u l t i e s .  

Although t h i s  w a s  n o t  a problem i n  t h e  

Mean v e l o c i t y  and tu rbu lence  i n t e n s i t y  measurements a t  t h e  a i r f o i l  t r a i l -  
i n g  edge were acqu i red  by a 0.025 mm d iameter  ho t  f i l m  probe o p e r a t i n g  i n  
con junc t ion  wi th  a c o n s t a n t  tempera ture  anemometer sys t em.  The probe w a s  
c a l i b r a t e d  d i r e c t l y  i n  t h e  t u n n e l  tes t  s e c t i o n .  

T e s t  Program 

A i r f o i l  t r a i l i n g  edge n o i s e  measurements were ob ta ined  over a range  of 
Mach numbers, p ropaga t ion  ang le s ,  and a i r f o i l  a n g l e s  of a t t a c k  t o  assess t h e  
dependence on t h e s e  parameters  i n  t h e  s c a l i n g  l a w s  and t h e  t r a i l i n g  edge n o i s e  
theory .  Table I l i s ts  t h e  test c o n d i t i o n s .  

The a = -0.4" a n g l e  of a t t a c k  case i n  Table I cor responds  t o  z e r o  s e c t i o n  
l i f t  on t h e  a i r f o i l .  A t  t h i s  o p e r a t i n g  c o n d i t i o n  t h e  t u r b u l e n t  boundary 
layers  on t h e  p r e s s u r e  and s u c t i o n  s i d e  of t h e  a i r f o i l  would be  expected t o  
be approximately t h e  same. I n  t h i s  ca se ,  bo th  boundary l a y e r s  would g e n e r a t e  
t h e  s a m e  n o i s e  c h a r a c t e r i s t i c s .  

The a = 12"  a n g l e  of a t t a c k  provided t h e  h i g h e s t  s e c t i o n  l i f t  wi thout  
s t a l l i n g  t h e  a i r f o i l  based on a v a i l a b l e  a i r f o i l  l i f t  curves .  
l i m i t e d  t o  M = 0.3 f o r  t h i s  o p e r a t i n g  c o n d i t i o n  because of the d rama t i c  in- 
crease of f a c i l i t y  background n o i s e .  This  w a s  because l i f t i n g  a i r f o i l s  a t  
h igh  a n g l e s  of a t t a c k  i n  a n  open j e t  induce c u r v a t u r e  of t h e  shea r  l a y e r  and 
d e f l e c t i o n  of t h e  open j e t .  This  d e f l e c t i o n  impinges t h e  h i g h  v e l o c i t y  j e t  
on t h e  downstream c o l l e c t o r  gene ra t ing  s u f f i c i e n t  n o i s e  t o  dominate over t h e  
s i g n a l  enhancement obta ined  from t h e  d i r e c t i o n a l  microphone. 

Mach number w a s  
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D i r e c t i v i t y  measurements covered a l a r g e  a n g u l a r  range f o r  M = 0.3, bu t  
a t  h ighe r  Mach numbers on ly  l i m i t e d  measurements could be ob ta ined .  
upstream quadrant t h e  l i m i t a t i o n  w a s  due t o  t h e  l a r g e  r e f r a c t i o n  a n g l e  change. 
For example, a t  M = 0.55, sound r a d i a t e d  a t  €9, = 90" i s  r e f r a c t e d  t o  8, = 142". 
Placement of t h e  s i d e l i n e  d i r e c t i o n a l  microphone t r a v e r s e  system f o r  measuring 
t h e  sound r a d i a t i n g  a t  e t  = 142" w a s  n o t  p o s s i b l e  due t o  t h e  p re sence  of t h e  
upstream anechoic  chamber w a l l ,  
Table  11. 
corresponding  t o  small 8 t  a n g l e s ,  w e r e  l i m i t e d  by t h e  dominance of t h e  open 
j e t  background n o i s e .  S ince  j e t  n o i s e  var ies  w i t h  v e l o c i t y  t o  t h e  e i g h t h  power 
a t  h igh  j e t  v e l o c i t i e s ,  i t  dominated over t h e  5 t h  power dependence of t h e  air-  
f o i l  t r a i l i n g  edge n o i s e .  

I n  t h e  

The dependence of O t  on €9, and M i s  g iven  i n  
I n  t h e  downstream quadrant ,  measurements a t  small v a l u e s  of €Ic, 
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AIRFOIL BOUNDARY LAYER CHARACTERISTICS 

Ob j ec t ive 

The objective of the airfoil boundary layer measurements was to document the 
boundary layer thickness, 6 , at the trailing edge of the model airfoil. Direct 
measurements of this parameter were needed as an input to the trailing edge noise 
predictions. In addition, such measurements provided an assessment of the accuracy 
of using flat plate boundary layer calculations as an input to the noise predictions. 
If the flat plate boundary layer characteristics could be shown to predict the mea- 
sured acoustic data with sufficient accuracy, then noise predictions would not re- 
quire detailed velocity profile information at the airfoil trailing edge. This 
could, of course, only be expected to hold at small angles of attack where the flow 
is attached to both surfaces. 

Boundary layer thickness is considered to be the length scale parameter in- 
volved in the trailing edge noise generation process. 
studies which showed that the size of the turbulent structure generating the noise 
is of the order of 6. For example the flow vizualization experinents of Yu and Joshi 
(ref. 9 )  revealed the presence of large-scale coherent motions in the outer part of 
the turbulent boundary later. The approximate scale of the coherent structure was of 
the order of the boundary layer thickness. Correlation studies concluded that the 
passage of these large-scale eddies over the airfoil trailing edge generated the 
trailing edge noise. 

This follows fromprevious 

Previous investigators have used either the boundary layer thickness, 6, or 
the displacement thickness, 6:k. The latter parameter is usually chosen when the 
velocity profile shape makes it difficult to identify the edge of the boundary lay- 
er. The displacement thickness however, does not fully represent the physics of 
the noise generation mechanism as indicated by the above discussion. 

Approach 

Although the boundary layer thickness controls the noise generation process, 
it is often a difficult parameter to identify. A comparable length-scale parameter 
which can be easily measured is the location of the turbulent boundary layer inter- 
mittency interface. The mean interface location is determined by the value of the 
turbulent intermittency parameter, y. This parameter defines the percentage of time 
the signal from a hot film probe displays an intermittent or turbulent signal when 
located near the outer edge of the boundary layer. Since the value of y approaches 
zero at the edge of the boundary layer the location at which the hot film signal 
becomes steady can be used to identify the edge of the turbulent boundary layer. 

Klebanoff (ref. 48) indicated that for a flat plate the height above the 
surface corresponding to an intermittency value of y = 2% occurred at a distance 
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of approximately of 1 .07 6 .  This  is  i l l u s t r a t e d  schemat i ca l ly  i n  f i g u r e  1 5  
where t h e  boundary l a y e r  t h i c k n e s s ,  based on U/Uo = 0.99, i s  compared w i t h  t h e  
i n t e r m i t t e n c y  i n t e r f a c e  l o c a t i o n ,  6 i .  Not ice  t h a t  t h e  d i s t a n c e  a t  which t h e  
hot  w i re  s i g n a l  i s  uns teady  f o r  2% of t h e  t i m e  i s  comparable t o  t h e  boundary 
layer th i ckness .  
t h e  h o t  f i l m  s i g n a l  on a n  o s c i l l o s c o p e  t h i s  method w a s  employed t o  o b t a i n  an  
approximate measurement of t h e  boundary l a y e r  t h i c k n e s s  i n  t h e  p r e s e n t  s tudy .  

S ince  6 i  is  e a s i l y  determined u s i n g  t h e  v i s u a l  d i s p l a y  of 

The above argument showing t h e  equiva lence  of 6 and 6 i  w a s  p rev ious ly  ve r -  
f i e d  only f o r  a f l a t  p l a t e  boundary l a y e r .  To assess t h e  accuracy  of t h i s  
equiva lence  f o r  a n  a i r f o i l ,  mean v e l o c i t y  p r o f i l e s  were a l s o  measured i n  t h e  
p re sen t  s tudy .  
p r o f i l e  cu rves  i n d i c a t e d  t h a t  t h e  i n t e r m i t t e n c y  i n t e r f a c e  occur s  nea r  U / U o  = 
0.99. Thus, 6 i / 6 % 1  a t  t h e  a i r f o i l  t r a i l i n g  edge i n  accordance w i t h  t h e  f l a t  
p l a t e  d a t a  of Klebanoff.  The i n t e r m i t t e n c y  i n t e r f a c e  d i s t a n c e ,  t h e r e f o r e ,  
provided a comparable b u t  s i m p l i f i e d  method f o r  de te rmining  t h e  boundary l a y e r  
t h i ckness .  

Comparisons of t h e  v a l u e  of 6 i  w i t h  t h e  normalized v e l o c i t y  

A l l  v e l o c i t y  p r o f i l e  surveys  w e r e  conducted a t  a d i s t a n c e  of 0.007 chords  
downstream of t h e  a i r f o i l  t r a i l i n g  edge. Admittedly,  t h e s e  measurements c o r r e -  
sponded t o  wake v e l o c i t y  p r o f i l e  surveys  i n s t e a d  of boundary l a y e r  p r o f i l e  
surveys  on t h e  a i r f o i l  s u r f a c e .  However, t h e  c l o s e  proximi ty  of t h e  measure- 
ment s t a t i o n  t o  t h e  a i r f o i l  t r a i l i n g  edge ensured t h a t  t h e  o u t e r  edge of t h e  
wake v e l o c i t y  p r o f i l e  w a s  s imi l a r  t o  t h e  boundary l a y e r  j u s t  upstream of t h e  
t r a i l i n g  edge. This  w a s  expected t o  be t r u e  f o r  t h e  small angle-of -a t tack  
a t t a c h e d  f low c o n d i t i o n s  i n v e s t i g a t e d  i n  t h e  p r e s e n t  s tudy .  

C a l i b r a t i o n s  of  t h e  h o t  f i l m  probe employed i n  t h i s  s tudy  were conducted 
i n  t h e  open j e t  t es t  s e c t i o n .  A commercially a v a i l a b l e  l i n e a r i z e r  c i r c u i t  w a s  
used t o  o b t a i n  a l i n e a r  v e l o c i t y  v e r s u s  v o l t a g e  r e sponse  cu rve  over  a range  
of 0-191 m/sec. 
c i r c u i t  ou tpu t  became n o n l i n e a r .  Th i s  occur red  due t o  t h e  dec rease  i n  s t a t i c  
p r e s s u r e  i n s i d e  t h e  open j e t  t e s t  s e c t i o n  a t  h igh  v e l o c i t i e s .  
changes r e s u l t e d  i n  a d e c r e a s e  of t h e  f l u i d  d e n s i t y  which i n f l u e n c e s  t h e  h e a t  
t r a n s f e r  r a t e  on t h e  h o t  f i l m .  Such changes were n o t  accounted f o r  i n  t h e  
ana log  c i r c u i t r y  of t h e  commercial l i n e a r i z e r  u n i t  s i n c e  most h o t  f i l m  anemometer 
measurements are conducted i n  c o n s t a n t  s t a t i c  p r e s s u r e  environments. For 
example, measurements of t h e  downstream flow f i e l d  development i n  a model j e t  
are t y p i c a l l y  conducted a t  ambient p r e s s u r e .  F o r t u n a t e l y ,  t h e  e f f e c t  of 
s t a t i c  p r e s s u r e  changes were inc luded  i n  t h e  p r e s e n t  c a l i b r a t i o n  d a t a  s i n c e  
t h e  h o t  f i l m  probe w a s  c a l i b r a t e d  i n  t h e  open j e t  t e s t  s e c t i o n .  Absolute 
v e l o c i t y  p r o f i l e s  on t h e  a i r f o i l  s u r f a c e  were then  determined from t h e  measured 
c a l i b r a t i o n  cu rve .  It i s  recognized t h a t  due t o  t h e  n o n l i n e a r  response  of t h e  
anemometry c i r c u i t r y  a t  h igh  Mach numbers tu rbu lence  measurements were on ly  
meaningful f o r  MZO. 4 .  

However, f o r  v e l o c i t i e s  between 137 m/sec and 191  m/sec t h e  

The p r e s s u r e  
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R e s u l t s  

Mean Ve loc i ty  P r o f i l e s  and t h e  I n t e r m i t t e n c y  I n t e r f a c e  Loca t ion  - Figure  16 
shows t h e  measured mean v e l o c i t y  p r o f i l e  and t h e  l o c a t i o n  of t h e  i n t e r m i t t e n c y  
i n t e r f a c e  on both  s i d e s  of t h e  model a i r f o i l  a t  a = -0 .4" .  A l l  dimensions have 
been normalized by t h e  a i r f o i l  chord and v e l o c i t i e s  have been normalized by t h e  
maximum measured f r e e s t r e a m  v e l o c i t y .  
n o t  needed f o r  t h e  assessment of t h e  n o i s e  p r e d i c t i o n s  i n  t h e  p r e s e n t  s tudy .  
However, such in fo rma t ion  w a s  e s s e n t i a l  t o  de te rmining  t h e  p o s i t i o n  of t h e  ho t  
f i l m  probe r e l a t i v e  t o  t h e  a i r f o i l  s u r f a c e .  S ince  v e l o c i t y  p r o f i l e  measurements 
were made a t  a minute d i s t a n c e  downstream of t h e  t r a i l i n g  edge, i t  was necessa ry  
t o  r e f e r e n c e  a l l  t r a n s v e r s e  d i s t a n c e s  t o  a h y p o t h e t i c a l  ex tens ion  of t h e  a i r f o i l  
chord.  
a i r f o i l  ex t ens ion .  

Ve loc i ty  p r o f i l e  d a t a  nea r  y / c  = 0 w a s  

Thus, t h e  y / c  = 0 s t a t i o n  i n  f i g u r e  16  co inc ided  wi th  t h e  h y p o t h e t i c a l  

The l a c k  of a p h y s i c a l  r e f e r e n c e  p o i n t  downstream of t h e  t r a i l i n g  edge 
made i t  d i f f i c u l t  t o  i d e n t i f y  t h e  l o c a t i o n  of a i r f o i l  chord ex tens ion .  This  
could on ly  be determined v i s u a l l y  be  r e q u i r i n g  t h e  ho t  f i l m  t o  b i s e c t  t h e  pro- 
j e c t e d  a i r f o i l  s u r f a c e  area when viewing t h e  a i r f o i l  t r a i l i n g  edge from t h e  
downstream end. To provide  a check on t h i s  approach t h e  measured v e l o c i t y  pro- 
f i l e s  nea r  y / c  = 0 were used t o  i d e n t i f y  t h e  t r a i l i n g  edge s t a g n a t i o n  p o i n t .  
Two s t r a i g h t  l i n e s  were drawn through t h e  s u c t i o n  and p r e s s u r e  s i d e  d a t a  p o i n t s  
near  y / c  = 0 i n  f i g u r e  16 .  The i n t e r s e c t i o n  of t h e s e  l i n e s  approximated t h e  
l o c a t i o n  of t h e  s t a g n a t i o n  p o i n t  a t  t h e  a i r f o i l  t r a i l i n g  edge. For t h e  z e r o  
angle-of -a t tack  c a s e  shown i n  f i g u r e  1 6  t h e  l o c a t i o n  of t h i s  s t a g n a t i o n  p o i n t  
agreed  c l o s e l y  w i t h  t h e  y / c  = 0 r e f e r e n c e  p o i n t .  
t h e r e f o r e ,  ob ta ined  r e l a t i v e  t o  t h e  d e s i r e d  ex tens ion  of t h e  a i r f o i l  chord.  

Measurements of d i  were, 

Comparing t h e  l o c a t i o n  of t h e  i n t e r m i t t e n c y  i n t e r f a c e  wi th  t h e  v e l o c i t y  
p r o f i l e  cu rves  nea r  U/Uo = 0.99 i n d i c a t e s  t h a t  6i p rovides  a comparable measure- 
ment of t h e  boundary l a y e r  t h i c k n e s s .  
fore,  been veri f ied  for the ci = -0.4' angle of a t t a c k  tes t  c o n d i t i o n .  

The replacement of 6 by di  ha s ,  t he re -  

Also shown i n  f i g u r e  1 6  a r e  t h e  normalized tu rbu lence  i n t e n s i t y  p r o f i l e s  
de f ined  by u1/uqmax.  
f l u c t u a t i n g  measurements approached ze ro  a t  t h e  i n t e r m i t t e n c y  i n t e r f a c e .  Th i s  
once a g a i n  confirmed t h a t  6 i  i d e n t i f i e s  t h e  edge of t h e  t u r b u l e n t  boundary l a y e r .  
It should be noted t h a t  t u r b u l e n t  f l u c t u a t i o n  measurements a t  t h e  h ighe r  Mach 
numbers of M = 0 . 4 3  and - -  0.5 corresponded t o  t h e  t u r b u l e n t  mass f l u c t u a t i o n s  
de f ined  by t h e  r a t i o  ( p q u q ) / ( p q u q ) m x .  
f i g u r e s  1 6 ( c )  and 16(d)  a b s o l u t e  v a l u e s  could n o t  be s p e c i f i e d  due t o  t h e  non- 
l i n e a r  c h a r a c t e r i s t i c s  of t h e  ho t  f i l m  response  a t  t h e  h igh  v e l o c i t i e s .  

A s  expected from t h e  c r i t e r i o n  f o r  s e l e c t i n g ,  6i ,  t h e  

Although t h i s  r a t i o  i s  p l o t t e d  i n  

A comparison of tSi on both  a i r f o i l  s u r f a c e s  i n  f i g u r e  16  i n d i c a t e s  t h a t  t h e  
boundary l a y e r s  are similar a t  a = -0 .4 ' .  This  is  demonstrated i n  f i g u r e  1 7 ( a )  
where t h e  v a l u e s  of 6i/c are p l o t t e d  f o r  t h e  p r e s s u r e  and s u c t i o n  s i d e  s u r f a c e s  
a t  t h e  v a r i o u s  Mach numbers i n v e s t i g a t e d  i n  t h e  p r e s e n t  s tudy .  Also shown i n  
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f i g u r e  1 7 ( a )  i s  t h e  f l a t  p l a t e  boundary l a y e r  t h i c k n e s s  c a l c u l a t i o n  f o r  6 / c .  
Here t h e  t u r b u l e n t  boundary l a y e r  is assumed t o  start a t  t h e  t r a n s i t i o n  po in t  
determined by t h e  boundary l a y e r  t r i p  l o c a t e d  a t  x / c  = 0.1 .  The good agree-  
ment be tween- the  p r e d i c t e d  v a l u e s  of 6 / c  and t h e  measured v a l u e s  of 6i/c 
i n d i c a t e s  t h e  a p p l i c a b i l i t y  of t h e  f l a t  p l a t e  p r e d i c t i o n  a t  ze ro  l i f t  condi- 
t i o n  when both  boundary l a y e r s  develop under t h e  i n f l u e n c e  of approximate ly  
t h e  same adve r se  p r e s s u r e  g r a d i e n t .  

The e f f e c t  of Mach number o r  Reynolds number i s  weak as  shown by t h e  
exper imenta l  d a t a  i n  f i g u r e  1 7 ( a ) .  This  a g r e e s  w i t h  t h e  f l a t  p l a t e  t u r b u l e n t  
boundary l a y e r  p r e d i c t i o n  i n  which 6 v a r i e s  accord ing  t o  R e  -0.2. 

Figure  1 8  shows t h e  boundary l a y e r  v e l o c i t y  p r o f i l e s  f o r  a = 7.6" a n g l e  
of a t t a c k .  The boundary l a y e r s  are no longer  symmetric as i n  t h e  a = -0.4" 
case. Here t h e  a i r f o i l  t r a i l i n g  edge s t a g n a t i o n  p o i n t ,  approximated by t h e  
i n t e r s e c t i o n  of t h e  two s t r a i g h t  l i n e s ,  shows a s m a l l  disagreement w i t h  t h e  
y / c  = 0 s t a t i o n  determined dur ing  t h e  experiment.  
c o r r e c t  t h e  measured v a l u e s  of 6 i  t o  account f o r  t h e  appa ren t  e r r o r  i n  d e t e r -  
mining t h e  y / c  = 0 r e f e r e n c e  s t a t i o n .  
v e l o c i t y  p r o f i l e  i s  now ev iden t .  

The o f f s e t  w a s  used t o  

The advantage of measuring t h e  complete 

The mean v e l o c i t y  p r o f i l e s  i n  f i g u r e  18 i n d i c a t e  t h a t  t h e  boundary l a y e r s  
a re  no longe r  symmetric. The i n t e r m i t t e n c y  i n t e r f a c e  s t a t i o n ,  however, s t i l l  
occur s  where t h e  mean v e l o c i t y  p r o f i l e  a sympto t i ca l ly  approaches U/Uo = 0.99. 
Thus, 
l a y e r  t h i c k n e s s ,  6 .  

6i, con t inues  t o  provide  a r e p r e s e n t a t i v e  measurement of t h e  boundary 

The v a r i a t i o n  of  6 i  w i t h  Mach number i s  summarized i n  f i g u r e  17 (b )  f o r  
t h e  a = 7.6 case. S i m i l a r  t o  t h e  a = -0 .4" ,  changes w i t h  i n c r e a s i n g  Mach number 
are small. The f l a t  p l a t e  boundary l a y e r  p r e d i c t i o n  would, obv ious ly ,  b e  unable  
t o  p r e d i c t  t h e  upper and lower s u r f a c e  v a l u e s  of 6 . 

i 

A f t e r  demonst ra t ing  t h a t  6 can be  r ep laced  by a t  a = -0.4" and 7.6" 

F igu re  1 7 ( c )  shows t h e  exper imenta l  r e s u l t s  a t  t h i s  h i g h e s t  
measurements a t  a = 1 2 "  were l i m i t e d  t o  de te rmining  t h e  i n t e r m i t t e n c y  i n t e r -  
f a c e  l o c a t i o n .  
a n g l e  of a t t a c k .  A s  expected t h e  s u c t i o n  s u r f a c e  boundary l a y e r  t h i c k n e s s  
h a s  inc reased  s i g n i f i c a n t l y  r e l a t i v e  t o  t h e  a = -0.4" case whi l e  t h e  p r e s s u r e  
s i d e  boundary l a y e r  t h i c k n e s s  has  decreased .  

Acoustic Sca l ing  Law Dependence on Boundary Laye r  Thickness - E x i s t i n g  
p r e d i c t i o n s  f o r  a i r f o i l  s e l f  n o i s e  c o n t a i n  a s i n g l e  boundary layer t h i c k n e s s  
parameter f o r  each s i d e  of t h e  a i r f o i l .  Unfo r tuna te ly ,  a t  h i g h - l i f t  c o n d i t i o n s  
t h e  boundary l a y e r s  on both  s i d e s  of t h e  a i r f o i l  are s i g n i f i c a n t l y  d i f f e r e n t .  
One approach t o  circumventing t h e  r e s u l t i n g  dilemma i s  t o  u s e  t h e  average  of 
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t h e  s u c t i o n  and p r e s s u r e  s i d e  boundary l a y e r  t h i c k n e s s  v a l u e s .  The Mach 
number and angle-of -a t tack  dependence of t h i s  average  v a l u e  w a s  ob ta ined  
f o r  t h e  6i va lues  i n  f i g u r e  1 7  and p l o t t e d  i n  f i g u r e  19 .  
been drawn through t h e  measured d a t a  p o i n t s  f o r  u se  i n  l a t e r  d a t a  r e d u c t i o n .  
For a = -0.4" and 7.6" t h e  average  v a l u e  of 6i i s  w i t h i n  20% of t h e  c a l c u l a t e d  
f l a t  p l a t e  boundary l a y e r  t h i c k n e s s  when M 5 0.3. 
of a t t a c k  on t h e  r a d i a t e d  n o i s e  i s  cons idered  t o  be weak f o r  small a. Th i s  i s  
because t h e  boundary l a y e r  t h i c k n e s s  parameter appea r s  as a l o g a r i t h m i c  depen- 
dence i n  t h e  t r a i l i n g  edge n o i s e  s c a l i n g  l a w s  so t h a t  20% e r r o r  i n  6 i  i n t r o d u c e s  
a t  most a 0.8 dB e r r o r  i n  t h e  ampl i tude  s c a l i n g .  

A mean l i n e  h a s  

Note t h a t  t h e  e f f e c t  of a n g l e  

A t  t h e  h i g h e s t  a n g l e  of a t t a c k  i n  f i g u r e  1 9  t h e  average  v a l u e  of 6i no longer  
a g r e e s  w i t h  t h e  f l a t  p l a t e  boundary l a y e r  c a l c u l a t i o n  f o r  6 .  
d a t a  a t  t h e  two lower a n g l e s  of a t t a c k  and t h i s  h i g h e s t  a n g l e  of a t t a c k  are 
p r e s e n t l y  n o t  understood. 

D i f f e r e n c e s  between 
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DATA ACQUISITION AND DATA REDUCTION PROCEDURE 

A demonstrated experimental approach to isolating turbulent boundary layer 
noise is through use of  two-dimensional airfoil sections tested in an acoustic 
wind tunnel with low turbulence levels. In the present study a directional 
microphone was needed to separate the turbulent boundary layer noise from other 
facility background noise sources. Directivity information was obtained by 
orienting the directional microphone system at different viewing angles relative 
to the airfoil. Examples of the data acquired from the directional microphone 
system are given below. Also, a brief discussion of the data reduction procedure 
is provided to describe how the source distribution measurements are converted 
to absolute sound pressure levels associated with trailing edge noise. 

Directional Microphone Data Acquisition Procedure 

For each Mach number and directivity angle e,, there exists a location in 
the open jet corresponding to the apparent source position. This apparent 
s o u r c e  location controls the sideline traverse distance in figure 13 since 
the reflector-to-apparent source distance was r e q u i r e d  to be R = 2.07 m or 2.81 m. 
Once the sideline distance was determined the reflector centerline orientation 
relative to the open jet axis was adjusted to coincide with the transmission 
angle,et, determined from refraction calculations. As shown in Table 11, 8, 
varies with 8, and M. 

After selecting the reflector sideline distance and orientation angle the 
directional microphone system was traversed past the isolated airfoil. Figure 20 
is an example of the measured source distribution as the directional microphone 
system was traversed parallel to the open jet centerline. Such curves were ob- 
tained at each 113 octave band frequency between 1 kHz and 50 kHz. Each trace 
was determined by playing back the analog record from the tape recorder and 
passing it through the selected 113 octave band. 

The first peak near the tunnel exit plane in each trace represents the open 
jet shear layer noise and nozzle lip noise. The spherical directional microphone 
system is sensitive to these acoustic sources because of the finite depth of 
field. Note that a large distance separated the nozzle exit from the airfoil 
trailing edge to avoid contamination of the airfoil source distribution by the 
tunnel lip noise. 

The second peak located downstream of the airfoil trailing edge location in 
figure 20 is associated with acoustic radiation from the airfoil model. 
placement between the trailing edge and the apparent source position agrees with 
the expected shift due to convection of sound waves by the tunnel freestream. 
The downstream displacement of the apparent acoustic source position relative 

The dis- 
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t o  t h e  a i r f o i l  t r a i l i n g  edge was determined a n a l y t i c a l l y  us ing  t h e  s i m p l e  
expres s ion  Ax = hlU/co. Here h l i s  t h e  t r a i l i n g  edge-to-shear l a y e r  
d i s t a n c e  ( s e e  f i g . 4 4 )  f o r  a r a y  propagat ing  a t  ang le  e t  when M = 0. 
parameter,  Ax, r e p r e s e n t s  t h e  d i s t a n c e  which t h e  r e f l e c t o r ,  i n i t i a l l y  aimed a t  
t h e  t r a i l i n g  edge, must be  moved downstream t o  measure t h e  n o i s e  r a d i a t i o n  i n  
t h e  presence  of flow ( f i g . 4 4 ) .  Comparisons showed good agreement between t h e  
measured and p r e d i c t e d  v a l u e s  of Ax. 
experiment a l s o  provided an  i n d i r e c t  conf i rma t ion  of t h e  r e f r a c t i o n  p r e d i c t i o n  
f o r  t h e  a n g l e  e t .  

The 

The good agreement between theo ry  and 

To v e r i f y  t h a t  t h e  a i r f o i l  t r a i l i n g  edge n o i s e  mechanism w a s  r e s p o n s i b l e  
f o r  t h e  second peak i n  each d i s t r i b u t i o n ,  t h e  a i r f o i l  w a s  removed and t h e  t ra-  
v e r s e  w a s  r epea ted  f o r  a few s e l e c t e d  cases. 
shows t h e  r e s u l t i n g  source  d i s t r i b u t i o n  which i s  r e f e r r e d  t o  as t h e  f a c i l i t y  back- 
ground n o i s e .  L ip  n o i s e ,  open j e t  s h e a r  l a y e r  n o i s e ,  and c o l l e c t o r  n o i s e  are  
t h e  only c o n t r i b u t o r s  t o  t h i s  background n o i s e .  

The f = 5 kHz curve  i n  f i g u r e  20(a) 

One advantage of t h e  d i r e c t i o n a l  microphone i s  now e v i d e n t .  The r e f l e c t o r ,  
w i t h  i t s  l a r g e  ga in ,  enhances sound a r r i v i n g  from a source  on t h e  m i r r o r  a x i s  
w h i l e  r e j e c t i n g  sound a r r i v i n g  from o t h e r  o f f - a x i s  sou rces .  I n  comparison, a 
s i n g l e  omnid i r ec t iona l  microphone would measure a l l  t h r e e  background n o i s e  
s o u r c e s  i n  a d d i t i o n  t o  t h e  t r a i l i n g  edge no i se .  A s  p rev ious  i n v e s t i g a t o r s  
have i n d i c a t e d ,  t h e  t r a i l i n g  edge n o i s e  sou rce  would be masked by t h e  f a c i l i t y  
n o i s e  i n  t h i s  ca se .  

C a l c u l a t i n g  T r a i l i n g  Edge Noise Spec t r a  
from t h e  D i r e c t i o n a l  Microphone Data 

Acous t ic  sou rce  d i s t r i b u t i o n s  l i k e  those  i n  f i g u r e  20 are t y p i c a l  of t h e  
f e a t u r e s  observed ove r  t h e  range  of tes t  c o n d i t i o n s .  From such curves  t h e  far-  
f i e l d  t r a i l i n g  edge n o i s e  s p e c t r a  were c a l c u l a t e d .  S p e c i f i c  equa t ions  developed 
for  the data r e d u c t i o n  purposes were p resen ted  by Sch l inke r  i n  r e f e r e n c e  5. 
The c a l c u l a t i o n  procedure  u s e s t h e  a b s o l u t e  sound p r e s s u r e  l e v e l  measured a t  the 
peak of t h e  sou rce  d i s t r i b u t i o n  a s s o c i a t e d  w i t h  t h e  t r a i l i n g  edge n o i s e  r a d i a t i o n .  
Due t o  t h e  presence  of  background n o i s e  sou rces  i t  is  necessary  t o  c o r r e c t  t h e  
measured sound p r e s s u r e  l e v e l .  I d e a l l y ,  t h i s  would be ob ta ined  by s u b t r a c t i n g  t h e  
v a l u e  of  t h e  background n o i s e  curve  d i r e c t l y  under t h e  peak a s s o c i a t e d  w i t h  t h e  
t r a i l i n g  edge no i se .  

Unfor tuna te ly ,  t h e  background n o i s e  curve  shown i n  f i g u r e  20(a) i s  a f u n c t i o n  
of t h e  a i r f o i l  ang le  of a t t a c k .  
c i e n t  t h e  a i r f o i l  d e f l e c t s  t h e  open j e t  s u f f i c i e n t l y  t o  cause  inc reased  c o l l e c t o r  
impingement n o i s e .  
n o i s e  l e v e l s  is, t h e r e f o r e ,  p o s s i b l e  on ly  a t  Zero l i f t  c o n d i t i o n s  where t h e  a i r -  
f o i l  has  no a f f e c t  on t h e  impingement n o i s e .  For t h i s  reason ,  a d i r e c t  measure- 
ment of t h e  f a c i l i t y  background n o i s e  curve  a s s o c i a t e d  wi th  f i n i t e  l i f t  c o n d i t i o n s  

This  i s  because f o r  h igh  v a l u e s  of l i f t  c o e f f i -  

Removal of  t h e  a i r f o i l  t o  de te rmine  t h e  open j e t  background 

37 



was not possible. 
noise levels on either side of the trailing edge noise peak in figure 20(b). The 
assumed sound pressure level beneath the peak represented the facility background 
noise. Based on the flat shape of the curve on either side of the peak in 
figure 20(b), a straight line was adequate for defining the facility background 
noise distribution. 

Instead, straight lines were drawn connecting the broadband 

The directional microphone data reduction procedure described in reference 5. 
determines the equivalent trailing edge noise spectrum which would be measured by 
a hypothetical omnidirectional microphone situated at the reflector station at 
which the peak occurred in figure 20. The equivalent noise spectrum in this case 
represents the sound field sensed by an omnidirectional microphone situated at 
the observer position (0) in figure 13. Applying the refraction angle and 
amplitude corrections (Table 11) to the resulting experimental data converts the 
measurements at station 0 to the sound pressure level that an omnidirectional 
sideline microphone would sense at station D in figure 13. These corrections 
transform the experimental data to a measurement system in which the microphone 
is located inside the flow field and fixed relative to the noise source. Thus, 
the converted data corresponds to an airframe flyover measurement in which the 
microphone, situated at angle BC, is moving at the aircraft flight speed in a 
direction parallel to the flight path. This coordinate system is often referred 
to as the present coordinate system. 

To facilitate comparisons with theoretical directivity predictions, it is 
convenient to convert all present coordinate system measurements to a retarded- 
time coordinate system. 
noise source downstream to its relative physical location in addition to changing 
the radiation angles from 8, to 8,. 
position of the source when it emitted the sound sensed at the microphone station 
Thus, conversion of the data to this coordinate system would represent the 
sound pressure level measured with the microphone fixed and the source moving 
at speed, M y  in figure 13. 
source moving also results in a zero open jet velocity. 

This latter coordinate system effectively moves the 

The retarded source coordinate defines the 

The Galilean transformation which results in the 

The ray path angles linking the present and retarded coordinates are given 
by the frequency independent equation 

cos 6, = cos 8, /= - M sin2 eC (60 )  

In addition to converting to the retarded source angles a sound pressure level 
correction was applied to the data. Measured sound pressure levels were converted 
from the sideline location (point D in fig. 13) to a common source radius in the 
retarded coordinate system given by re = 3 m. The correction was determined from 
the equation 
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A Doppler shift was not included in the transformed data since the theoreti- 
cal predictions of trailing edge noi.se for the isolated airfoil test conditions 
did not include this effect. The resulting angle and amplitude changes between 
the measured data and the retarded frame of reference are summarized in Table 11. 

After correcting for refraction effects, converting to retarded source 
coordinates, and correcting for the directional microphone resolution and gain 
characteristics, the 113 octave band sound pressure levels associated with each 
test condition were plotted as a function of Strouhal number. In this case the 
Strouhal number was based on the parameter St = f 6/Uo. Here, the length scale 
parameter, 6, is determined from 6 = 6i/1.07 where 6i corresponds to the average 
of the measured intermittency interface distance presented previously in 
figure 19. The frequency, f, corresponds to the 113 octave band center fre- 
quency and the velocity, U, corresponds to the freestream velocity of the open 
jet test section. 
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EXPERIMENTAL ASSESSMENT OF TRAILING EDGE NOISE RADIATION 
FROM A TWO-DIMENSIONAL AIRFOIL SECTION 

Objec t ive  

The o b j e c t i v e  of t h i s  phase of t h e  s tudy  w a s  t o  exper imenta l ly  assess t h e  
n o i s e  generated by a t u r b u l e n t  boundary l a y e r  f lowing over  t h e  t r a i l i n g  edge 
of a n  a i r f o i l .  Tests conducted over  a range of Mach numbers, a i r f o i l  a n g l e s  
of a t t a c k ,  and d i r e c t i v i t y  a n g l e s  were used t o  assess t h e  dependence of t h e  
t r a i l i n g  edge n o i s e  on t h e s e  p h y s i c a l  parameters .  Conclusions obta ined  from 
t h i s  assessment  were used t o  develop a s c a l i n g  l a w  based on t h e  d i f f e r e n t  
p h y s i c a l  parameters .  Included i n  t h e  d a t a  b a s e  used t o  assess t h e  s c a l i n g  
l a w  were t h e  t r a i l i n g  edge n o i s e  measurements r e p o r t e d  by previous  i n v e s t i g a t o r s  
i n  r e f e r e n c e s  5 and 10.  These d i f f e r e n t  experimental  s t u d i e s  provided d a t a  
w i t h  widely vary ing  f r e e s t r e a m  Mach number, a i r f o i l  chord,  and a i r f o i l  pro- 
f i l e  v a l u e s ,  thereby  g e n e r a l i z i n g  t h e  s c a l i n g  l a w  a p p l i c a b i l i t y .  The exper i -  
mental  measurements c i t e d  i n  r e f e r e n c e s  5 and 10 were a l s o  compared t o  t h e  
fundamental  a n a l y t i c a l  approach descr ibed  i n  t h e  s e c t i o n  t i t l e d  T h e o r e t i c a l  
Formulat ion of t h e  T r a i l i n g  Edge Noise Mechanism. T h i s  provided a p r e l i m i n a r y  
e v a l u a t i o n  of t h e  accuracy  of t h e  t h e o r e t i c a l  p r e d i c t i o n  procedure.  A d e t a i l e d  
assessment  i s  presented  i n  t h e  fo l lowing  s e c t i o n  t i t l e d  T r a i l i n g  Edge Noise 
P r e d i c t  i ons .  

Angle-of-Attack Assessment 

Approach - The e f f e c t  of a n g l e  of a t t a c k  on a i r f o i l  t r a i l i n g  edge n o i s e  
w a s  a s s e s s e d  by comparing a c o u s t i c  s p e c t r a  f o r  d i f f e r e n t  v a l u e s  of a .  
sons were obta ined  over  a range  of  Mach numbers as  a n g l e  of a t t a c k  v a r i e d  from 
a = -0.4" t o  1 2 " .  All s p e c t r a  corresponded t o  a f i x e d  r a d i a t i o n  a n g l e  of 
B C  = 70". When transformed t o  r e t a r d e d  c o o r d i n a t e s ,  t h e  r a d i a t i o n  a n g l e ,  e,, 
v a r i e d  w i t h  Mach number accord ing  t o  equat ion  ( 6 0 ) .  Angle 8, i s  i n d i c a t e d  i n  
each d a t a  se t .  Note t h a t  t h e  s p e c t r a  have been converted t o  t h e  a c o u s t i c  
r a d i a t i o n  from a u n i t  l e n g t h  (1 f t  o r  0 . 3 3  m) of t h e  a i r f o i l .  

Compari- 

P r i o r  t o  e v a l u a t i n g  t h e  exper imenta l  r e s u l t s ,  a b r i e f  d i s c u s s i o n  of  t h e  
Due t o  t h e  l a c k  of d a t a  p o i n t s  a t  low spectrum measurement range  i s  needed. 

S t r o u h a l  numbers, i t  w a s  n o t  p o s s i b l e  t o  i d e n t i f y  t h e  t r a i l i n g  edge n o i s e  spec- 
trum peak ( s e e ,  f o r  example, f i g .  2 1 ) .  This  l i m i t a t i o n  occurred because of 
t h e  low s igna l - to-noise  r a t i o  f o r  d i r e c t i o n a l  microphone measurements a t  f r e -  
quencies  below 1.25 kHz. 
ra ise  t h e  t r a i l i n g  edge n o i s e  l e v e l  above t h e  f a c i l i t y  background n o i s e  which 
r a d i a t e s  d i r e c t l y  t o  t h e  f o c a l  p o i n t  microphone. Also,  t h e  l a r g e  depth  of 
f i e l d  a t  low f r e q u e n c i e s  r e s u l t e d  i n  t h e  r e f l e c t o r  s e n s i n g  t h e  open j e t  s h e a r  

I n  t h i s  range ,  t h e  r e f l e c t o r  g a i n  was too small t o  
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l a y e r  n o i s e .  Despi te  t h e s e  l i m i t a t i o n s  t o  measuring t h e  complete a c o u s t i c  
spectrum, t h e  experimental  d a t a  obta ined  from t h e  p r e s e n t  s tudy  w a s  s u f f i c i e n t  
t o  i s o l a t e  t h e  paramet r ic  dependence of t r a i l i n g  edge n o i s e .  T h i s  w i l l  become 
apparent  i n  t h e  fo l lowing  d i s c u s s i o n s .  Also p l o t t i n g  t h e  d a t a  i n  a normalized 
format ,  as i s  done i n  t h e  s e c t i o n  t i t l e d  General ized S c a l i n g  Law, shows t h a t  
t h e  lowest  measured St rouhal  numbers approached t h e  spectrum peak i n  most 
cases. 

Experimental  R e s u l t s  - The g e n e r a l  t rend  i n  f i g u r e  2 1  shows a n  i n c r e a s i n g  
sound p r e s s u r e  l eve l  i n  t h e  low S t r o u h a l  number range as t h e  a i r f o i l  a n g l e  of 
a t t a c k  i n c r e a s e s .  This  dependence can be  explained by t h e  change i n  t h e  
boundary l a y e r  t h i c k n e s s  on t h e  s u c t i o n  s i d e  of t h e  a i r f o i l .  A s  a n g l e  of 
a t t a c k  i n c r e a s e s ,  t h e  a d v e r s e  p r e s s u r e  g r a d i e n t  on t h e  s u c t i o n  s i d e  creates  a 
t h i c k e r  boundary l a y e r  ( s e e ,  f o r  example, f i g .  1 7 ) .  Since t u r b u l e n t  eddy s i z e  
scales w i t h  t h e  boundary l a y e r  t h i c k n e s s ,  i n c r e a s i n g  a creates l a r g e r  e d d i e s  
on t h e  s u c t i o n  s i d e  of t h e  a i r f o i l .  The presence of t h e s e  l a r g e  e d d i e s  r e s u l t s  
i n  a boundary l a y e r  p r e s s u r e  spectrum dominated by low f r e q u e n c i e s  which i n  
t u r n  i n c r e a s e d  t h e  low frequency a c o u s t i c  r a d i a t i o n .  

The above p h y s i c a l  e x p l a n a t i o n  i s  s u b s t a n t i a t e d  by t h e  f l a t  p l a t e  turbu-  
l e n t  boundary l a y e r  w a l l  p r e s s u r e  f l u c t u a t i o n  s tudy  by Schloemer ( r e f .  4 9 ) .  
The tests were conducted wi th  z e r o ,  adverse ,  and f a v o r a b l e  p r e s s u r e  g r a d i e n t s .  
The r e s u l t s  i n d i c a t e d  t h a t  t h e  e f f e c t  of a n  a d v e r s e  p r e s s u r e  g r a d i e n t  on t h e  
nondimensionalized w a l l  p r e s s u r e  s p e c t r a l  d e n s i t y  i s  t o  i n c r e a s e  t h e  low f r e -  
quency c o n t e n t  wi thout  i n f l u e n c i n g  t h e  h igh  frequency p o r t i o n  a p p r e c i a b l y .  I n  
c o n t r a s t ,  a f a v o r a b l e  p r e s s u r e  g r a d i e n t  creates a s h a r p  d e c r e a s e  i n  t h e  spec- 
trum a t  h igh  f r e q u e n c i e s .  Since t h e  t u r b u l e n t  boundary l a y e r  p r e s s u r e  spectrum 
c o n t r o l s  t h e  a c o u s t i c  r a d i a t i o n ,  similar t r e n d s  would be  expected i n  t h e  acous- 
t i c  f a r  f i e l d .  

Indeed,  t he  da ta  i n  f i g u r e  21 demonstrates  a n  i n c r e a s e  i n  low frequency 
a c o u s t i c  energy,  thereby ,  v e r i f y i n g  t h e  p o s t u l a t e d  l i n k  between boundary l a y e r  
t h i c k n e s s  and spectrum c o n t e n t .  A t  h i g h  f r e q u e n c i e s  t h e  expected d e c r e a s e  i n  
sound p r e s s u r e  l eve l  d i d  n o t  occur .  I n s t e a d ,  i n  t h e  mid-frequency range ,  t h e  
n o i s e  l e v e l s  remained c o n s t a n t .  One p o s s i b l e  explana t ion  i s  t h a t  changes i n  
t h e  s u c t i o n  s i d e  and p r e s s u r e  s i d e  boundary l a y e r s  compensated each o t h e r  i n  
t h e  mid-frequency range,  given by S t  T, 0.8. For even h igher  S t r o u h a l  numbers, 
a d i f f e r e n t  explana t ion  i s ,  however, needed. Now a n  i n c r e a s e  i n  a n g l e  of a t t a c k  
a l s o  i n c r e a s e s  t h e  n o i s e  r a d i a t i o n  ( s e e ,  f o r  example, f i g s .  21(b) and 2 1 ( c ) ) .  
These changes,  which occurred mainly f o r  M - 0.3, are p r e s e n t l y  n o t  understood. 
F o r t u n a t e l y ,  t h e  h igh  frequency p o r t i o n  of t h e  spectrum generated a t  t h e  f u l l -  
scale Reynolds number o p e r a t i n g  c o n d i t i o n s  t e s t e d  h e r e ,  would n o t  be  a u d i b l e  
( f  2 20 kHz). Thus, i t  was n o t  c r i t i c a l  t o  understand t h e  observed changes. 
These changes were, however, cons idered  t o  b e  due t o  a d i f f e r e n t  source  mechan- 
i s m  s i n c e  t h e  spectrum changes were centered  near  S t  = 3 as  shown by f i g u r e  29 (c ) .  
This  S t r o u h a l  v a l u e  i s  approximately a f a c t o r  of 10 above t h e  v a l u e  a s s o c i a t e d  
w i t h  t h e  t r a i l i n g  edge n o i s e  mechanism. 

< 
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One n o i s e  mechanism which w a s  eva lua ted  as a p o s s i b l e  exp lana t ion  f o r  t h e  
h igh  frequency anomaly i n  f i g u r e  29(c) was v o r t e x  shedding due t o  t h e  b lun t -  
n e s s  of t h e  a i r f o i l  t r a i l i n g  edge. Assigning a S t r o u h a l  number of 0.2 t o  t h i s  
mechanism and us ing  t h e  sou rce  frequency a s s o c i a t e d  w i t h  t h e  c e n t e r  f requency  
of t h e  hump (f = 31.5 kHz i n  f i g .  21 (c ) )  provided a c a l c u l a t e d  dimension of 
0.065 cm. Th i s  dimension i s  of t h e  same o r d e r  of magnitude as t h e  a i r f o i l  
t r a i l i n g  edge t h i c k n e s s  which i s  0.038 c m .  
t h e r e f o r e ,  a p o s s i b l e  mechanism r e s p o n s i b l e  f o r  t h e  h igh  frequency p o r t i o n  of 
t h e  s p e c t r a  i n  f i g u r e  21. 

Blunt body v o r t e x  shedding i s  

D i r  ec t i v  i t y A s  s es smen t 

Approach - D i r e c t i v i t y  p a t t e r n s  were eva lua ted  i n  t h e  overhead p l ane  a t  
s p e c i f i c  S t rouha l  numbers f o r  v a r i o u s  a n g l e s  of a t t a c k  and open j e t  Mach num- 
b e r s .  Sound p r e s s u r e  l e v e l s  were normalized by t h e  l e v e l  measured a t  a spec i -  
f i e d  r e t a r d e d  ang le .  The v a l u e  of 8, s e l e c t e d  t o  normalize t h e  d a t a  w a s  c l o s e  
t o  90" i n  each case. T h e o r e t i c a l  d i r e c t i v i t y  cu rves  were a l s o  normalized by 
t h e  same r e f e r e n c e  ang le .  

Evalua t ing  t h e  d i r e c t i v i t y  p a t t e r n  f o r  v a r i o u s  S t rouha l  numbers provided 
s e v e r a l  advantages  compared t o  t h e  s t anda rd  method of u s ing  t h e  o v e r a l l  sound 
p r e s s u r e  l e v e l  (OASPL). F i r s t ,  i t  permi t ted  e v a l u a t i n g  t h e  d i r e c t i v i t y  depen- 
dence on S t rouha l  number. Second, i t  permi t ted  s e l e c t i n g  t h e  segment of t h e  
spectrum r e s p o n s i b l e  f o r  t r a i l i n g  edge n o i s e  wh i l e  r e j e c t i n g  t h e  n o i s e  p o s t u l a t e d  
t o  be  due t o  t h e  v o r t e x  shedding source  mechanism desc r ibed  i n  t h e  p rev ious  
subsec t ion .  F i n a l l y ,  t h e  d i r e c t i v i t y  dependence could be a s ses sed  d e s p i t e  t h e  
i n a b i l i t y  t o  de te rmine  OASPL v a l u e s  due t o  t h e  l i m i t a t i o n s  i n  t h e  spectrum 
measurement range .  

D i r e c t i v i t y  measurements were r e fe renced  t o  t h e  open j e t  c e n t e r l i n e  which 
w a s  w i t h i n  -0.4' of t h e  a i r f o i l  chord l i n e  a t  zero  l i f t  c o n d i t i o n s .  The small 
changes i n  a i r f o i l  o r i e n t a t i o n  due t o  i n c r e a s i n g  a n g l e  of a t t a c k  were n o t  in -  
cluded i n  t h e  d a t a  r educ t ion .  The r e s u l t i n g  e r r o r  w a s  small due t o  t h e  slow 
v a r i a t i o n  i n  t h e  r a d i a t i o n  f i e l d  wi th  8, f o r  t h e  angu la r  range  i n v e s t i g a t e d  
he re .  A t  most, t h e  e r r o r  w a s  e q u i v a l e n t  t o  0.75 dB a t  t h e  h i g h e s t  Mach number 
of M = 0.5.  

Experimental  R e s u l t s  and Comparison wi th  P r e s e n t  Theory - Data showing t h e  

The measurements show l i t t l e  d i f f e r e n c e  i n  
d i r e c t i v i t y  p a t t e r n  f o r  v a r i o u s  S t rouha l  numbers are shown i n  f i g u r e  22 f o r  a 
range  of v e l o c i t i e s  w i th  a = -0.4'. 
t h e  d i r e c t i v i t y  shape f o r  S t r o u h a l  numbers below S t  = 1.0.  The s i m i l a r i t y  of 
t h e  d a t a  cu rves  i n d i c a t e s  t h a t  t h e  d i r e c t i v i t y  p a t t e r n  i s  independent of 
S t r o u h a l  number. 
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The e f f e c t  of  a n g l e  of  a t t a c k  i s  determined by comparing t h e  a = 0.4' case 
i n  f i g u r e  22(b) w i t h  t h e  a = 7.6 '  case i n  f i g u r e  23. 
range a v a i l a b l e  i n  f i g u r e  23, t h e  d i r e c t i v i t y  p a t t e r n  is  approximately similar 
t o  t h e  measurement a t  ze ro  l i f t  c o e f f i c i e n t .  This  c o n s t a n t  shape of t h e  r ad ia -  
t i o n  f i e l d  i n d i c a t e s  t h a t  t h e  d i r e c t i v i t y  p a t t e r n  i s  independent of a n g l e  of 
a t t a c k .  

For t h e  l i m i t e d  angular  

Also shown i n  f i g u r e s  22 and 23 i s  t h e  a n a l y t i c a l  t r a i l i n g  edge n o i s e  
d i r e c t i v i t y  p a t t e r n  determined from equat ion  (32) of t h e  p r e s e n t  s tudy .  This  
r a d i a t i o n  p a t t e r n ,  which i s  independent of S t rouha l  number, w a s  normalized t o  
t h e  same r e t a r d e d  a n g l e  as used i n  t h e  experimental  d a t a  a n a l y s i s .  It i s  seen 
t h a t  t h e  measured sound f i e l d  a g r e e s  wi th  t h e  p red ic t ed  shape t o  w i t h i n  1 dB 
i n  most cases. 

Mach Number Assessment 

Approach - Mach number s c a l i n g  l a w s  were a s ses sed  exper imenta l ly  us ing  1 / 3  
oc t ave  band s p e c t r a  l i k e  those  shown i n  f i g u r e  24. Sound p r e s s u r e  l e v e l s  
measured a t  a f i x e d  S t rouha l  number were p l o t t e d  as a f u n c t i o n  of i n c r e a s i n g  
Mach number. 
t h e  Mach number dependence a t  a = -0.4" and 7.6" .  A t  each Mach number t h e  
sound p r e s s u r e  l e v e l  p l o t t e d  f o r  a s p e c i f i e d  S t rouha l  number r ep resen ted  t h e  
1 / 3  oc t ave  band measurement a t  t h e  S t rouha l  number c l o s e s t  t o  t h e  s p e c i f i e d  
va lue .  
ana lyze r  could n o t  be  expected t o  be  centered  a t  t h e  p r e c i s e  f requency ca lcu-  
l a t e d  from t h e  Mach number and boundary l a y e r  t h i ckness  us ing  t h e  equat ion  

The i n f l u e n c e  of a n g l e  of a t t a c k  was a l s o  eva lua ted  by comparing 

Th i s  occurred because t h e  f i x e d  1 / 3  oc t ave  bands i n  t h e  spectrum 

€ =  

t h e  
g l e  
t h e  
w a s  
b er 

S t  mi. 
Since  t h e  d i r e c t i v i t y  dependence was eva lua ted  i n  t h e  prev ious  s e c t i o n ,  

p re sen t  discussion w i l l  be l i m i t e d  t o  the Mach number dependence a t  a s i n -  
r e t a r d e d  a n g l e  of 8, = 98". This  was cons idered  c l o s e  t o  8, = 90" where 
d i r e c t i v i t y  f u n c t i o n  i s  independent o f  Mach number. 98" 
s e l e c t e d  based on t h e  a v a i l a b i l i t y  of d a t a  a t  t h i s  a n g l e  f o r  t h e  Mach num- 
of M, = 0.5. 

The v a l u e  of B e  

Because measured d a t a  a t  lower Mach numbers w a s  ob ta ined  a t  
o t h e r  a n g l e s  ( s e e  Table  I1 f o r  8, v a l u e s ) ,  i t  i s  necessary  t o  in t roduce  d i r e c -  
t i v i t y  c o r r e c t i o n s  t o  conver t  t h e  lower Mach number d a t a  t o  8, = 98". 
c o r r e c t i o n s  were based on t h e  t h e o r e t i c a l  d i r e c t i v i t y  p a t t e r n s .  

A l l  

Experimental  R e s u l t s  - Figure  24(a)  shows t h e  v a r i a t i o n  of sound p r e s s u r e  
level  v e r s u s  Mach number f o r  a range  of f r equenc ie s  wi th  ang le  of a t t a c k  set 
a t  a -0.4". Within t h e  accuracy  of t h e  f i g u r e ,  t h e  gene ra l  t r end  shows good 
agreement wi th  a v e l o c i t y  s c a l i n g  l a w  of M5 (see s o l i d  l i n e s  i n  f i g .  24 (a ) )  
f o r  S t rouha l  numbers va ry ing  over  a f a c t o r  of  approximately 10. Note t h a t  low 
S t rouha l  number d a t a  f o r  t h e  case of Mo = 0 .1  was no t  a v a i l a b l e  due t o  t h e  f r e -  
quency l i m i t a t i o n s  of  t h e  o r i g i n a l  d a t a .  
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Inc reas ing  t h e  a i r f o i l  a n g l e  of a t t a c k  t o  a = 7.6' i n  f i g u r e  24(b) 
continued t o  g i v e  good agreement w i t h  t h e  M5 s c a l i n g  l a w .  From t h i s  i t  can  
be concluded t h a t  a t  each a n g l e  of a t t a c k  t h e  Mach number dependence i s  t h e  
same. Of cour se ,  t h e  a b s o l u t e  v a l u e  of t h e  measured sound p r e s s u r e  l e v e l  a t  
a f i x e d  S t r o u h a l  number con t inues  t o  be a f u n c t i o n  of bo th  a and M. Th i s  
dependence i s  demonstrated by t h e  change i n  spectrum shape and a b s o l u t e  
ampl i tude  as a n g l e  of a t t a c k  and Mach number v a r i e d  i n  f i g u r e  21. 

5 The above desc r ibed  M sound p r e s s u r e  l e v e l  dependence a g r e e s  wi th  t h e  
t h e o r e t i c a l  a n a l y s i s  of t h e  p r e s e n t  s tudy .  Th i s  i s  v e r i f i e d  i n  t h e  s e c t i o n  
t i t l e d  T r a i l i n g  Edge Noise P r e d i c t i o n s .  

Comparison wi th  Previous  I n v e s t i g a t o r s  

Experimental  and t h e o r e t i c a l  r e s u l t s  of t h e  p r e s e n t  s t u d y  can  b e  compared 
w i t h  t h e  r e s u l t s  of p rev ious  i n v e s t i g a t o r s .  The fo l lowing  s u b s e c t i o n  concen- 
t ra tes  on t h e  a n g l e  of a t t a c k ,  d i r e c t i v i t y ,  and Mach number dependence. Com- 
p a r i s o n  of t h e  measured a c o u s t i c  s p e c t r a  w i t h  s p e c t r a  r e p o r t e d  by p rev ious  
i n v e s t i g a t o r s  are presented  i n  t h e  subsec t ion  t i t l e d  Spectrum Shape Assessment 
F i n a l l y ,  comparisons w i t h  e x i s t i n g  s c a l i n g  l a w s  are g iven  i n  t h e  s u b s e c t i o n  
t i t l e d  Genera l ized  Sca l ing  Law. 

Angle of A t t ack  Dependence - The observed i n c r e a s e  i n  sound p r e s s u r e  l e v e l  
a t  low S t r o u h a l  numbers as a n g l e  of a t t a c k  i n c r e a s e s  a g r e e s  w i t h  t h e  t r e n d s  
r e p o r t e d  earlier by Sch l inke r  i n  r e f e r e n c e  5. The s tudy  by Brooks and Hodgson 
( r e f .  10)  a l s o  showed t h a t  a n g l e  of a t t a c k  changes a f f e c t  p r i m a r i l y  t h e  low 
S t r o u h a l  p o r t i o n  of t h e  spectrum. Thei r  r e s u l t s ,  however, showed a tendency 
f o r  t h e  spectrum peak t o  s h i f t  t o  lower f r e q u e n c i e s  i n  a d d i t i o n  t o  expe r i enc ing  
a small d e c r e a s e  i n  t h e  113 oc tave  band sound p r e s s u r e  l e v e l .  

Brooks and Hodgson a l s o  observed a d i s t i n c t  peak i n  t h e i r  a c o u s t i c  s p e c t r a  
a t  h i g h  f r e q u e n c i e s  similar t o  t h e  t r end  i n  f i g u r e  21 (c ) .  Thei r  experiment 
w a s  a b l e  t o  demonst ra te  t h a t  t h i s  a d d i t i v e  c o n t r i b u t i o n  t o  t h e  spectrum w a s  
genera ted  by v o r t e x  shedding due t o  t h e  a i r f o i l  t r a i l i n g  edge b l u n t n e s s .  By 
i n c r e a s i n g  t h e  r a t i o  of t h e  t r a i l i n g  edge t h i c k n e s s ,  T ,  t o  boundary l a y e r  d i s -  
placement t h i c k n e s s ,  6*, from T/6* = 0 and T/6* = 0.28, t h e  hump w a s  seen  t o  
i n c r e a s e  i n  amplitude.  

D i r e c t i v i t y  Dependence - The a n a l y t i c a l  d i r e c t i v i t y  p a t t e r n  desc r ibed  by 
equa t ion  (32) of t h e  p r e s e n t  s tudy  can be  compared wi th  t h e  shape p red ic t ed  
by t h e  theo ry  of Howe ( r e f .  1 1 ) .  I f  t h e  Kut ta  c o n d i t i o n  is  a p p l i e d  a t  t h e  
a i r f o i l  t r a i l i n g  edge and t h e  wake convec t ion  v e l o c i t y  parameter is  assumed 
e q u a l  t o  t h e  t u r b u l e n t  boundary l a y e r  convec t ion  v e l o c i t y ,  t h e  theo ry  of Howe 
g i v e s  t h e  same d i r e c t i v i t y  shape as equa t ion  (32). I f ,  however, t h e  wake 

44 



convect ion v e l o c i t y  i n  t h e  theory  of Howe i s  cons idered  t o  be  ze ro ,  as used by 
Brooks and Hodgson (eq.  ( 3 1 ) ,  r e f .  lo), then  t h e  a n a l y t i c a l  equa t ion  d e s c r i b i n g  
t h e  d i r e c t i v i t y  p a t t e r n  i s  d i f f e r e n t  from r a d i a t i o n  f i e l d  de f ined  by equa t ion  
( 3 2 )  of t h e  p re sen t  s tudy .  

Although no t  s p e c i a l l y  formulated as t h e o r e t i c a l  s tudy  of a i r f o i l  t r a i l i n g  
edge n o i s e ,  t h e  r e c e n t  work of Go lds t e in  ( r e f .  3 3 )  a l s o  provides  d i r e c t i v i t y  
p r e d i c t i o n s .  
a s s o c i a t e d  wi th  a t u r b u l e n t  shea r  f low a t  t h e  edge of a s e m i - i n f i n i t e  p l a t e .  
To o b t a i n  d i r e c t i v i t y  informat ion  r e l e v a n t  t o  t h e  p re sen t  s tudy  r equ i r ed  re- 
moval of t h e  r e f r a c t i o n  a f f e c t s  which were included i n  t h e  a n a l y s i s  of r e f -  
e rence  3 3 .  Correc t ing  f o r  shea r  l a y e r  r e f r a c t i o n  us ing  t h e  approach developed 
by Amiet ( r e f .  3 4 )  r e s u l t e d  i n  an  a n a l y t i c a l  expres s ion  i d e n t i c a l  t o  equa t ion  
( 3 2 )  of t h e  p re sen t  s tudy .  
occurred on ly  f o r  t h e  high frequency (o r  h igh  S t rouha l  number) s o l u t i o n .  A t  
low f r e q u e n c i e s  (low S t rouha l  number), wehre t h e  a c o u s t i c  wavelength i n  t h e  
a n a l y s i s  of Go lds t e in  was equ iva len t  t o  t h e  t r a n s v e r s e  dimension of t h e  shea r  
flow, i n t e r n a l  r e f l e c t i o n s  by t h e  shea r  l a y e r  complicated e f f o r t s  t o  c o r r e c t  
f o r  t h e  presence  of t h e  shea r  l a y e r .  I n  t h i s  case, t h e  a n a l y s i s  of Go lds t e in  
could n o t  be  modified t o  permit  comparison wi th  t h e  a n a l y s i s  i n  t h e  p re sen t  
s tudy .  

The o b j e c t i v e  of t h e  s tudy  was t o  p r e d i c t  t h e  r a d i a t i o n  p a t t e r n  

The s i m i l a r i t y  wi th  t h e  a n a l y s i s  of Go lds t e in  

With several d i f f e r e n t  t h e o r e t i c a l  d i r e c t i v i t y  p a t t e r n s  a v a i l a b l e  i n  t h e  
l i t e r a t u r e ,  it is  worthwhile t o  e v a l u a t e  f u r t h e r  t h e  d i f f e r e n c e s  between them. 
A comparison of t h e  d i r e c t i v i t y  p a t t e r n  obta ined  from equat ion  ( 3 2 )  and t h e  
p r e d i c t i o n  of Brooks and Hodgson (eq.  (31), r e f .  10) i s  g iven  i n  f i g u r e  2 5 .  
The parameter ,  :(ee,  IT/^), r e p r e s e n t s  t h e  d i r e c t i v i t y  p a t t e r n  v a r i a t i o n  wi th  
a n g l e  O e .  I n  bo th  c a s e s  t h e  c a l c u l a t i o n  f o r  i ( e e ,  n/2)  assumed a t u r b u l e n t  
boundary l a y e r  convec t ion  v e l o c i t y  t o  f r e e s t r e a m  v e l o c i t y  r a t i o  of 0.6.  
Mach number of Mo = 0.2,  corresponding t o  t h e  maximum ope ra t ing  c o n d i t i o n  
t e s t e d  i n  r e f e r e n c e  10 ,  f i g u r e  25 (a ) ,  shows t h a t  t h e  two ana lyses  (curves 1 and 
2) g i v e  a l m o s t  i d e n t i c a l  r e s u l t s .  Y e t ,  t h e  two ana lyses  u s e  d i f f e r e n t  v a l u e s  
f o r  t h e  wake convec t ion  v e l o c i t y .  
v e l o c i t y  i s  equ iva len t  t o  t h e  f r e e s t r e a m  convect ion  v e l o c i t y  wh i l e  Brooks and 
Hodgson a s s i g n  a v a l u e  of zero  t o  t h e  wake v e l o c i t y .  
between t h e  p red ic t ed  and exper imenta l  d i r e c t i v i t y  p a t t e r n s  i s  i n s u f f i c i e n t  
t o  assess t h e  v a l u e  s e l e c t e d  f o r  t h e  wake convec t ion  v e l o c i t y .  

A t  a 

The p r e s e n t  s tudy  assumes t h a t  t h e  wake 

Thus, good agreement 

A t  a h ighe r  Mach number of Mo = 0.43, corresponding t o  one of t h e  test  
c o n d i t i o n s  eva lua ted  i n  t h e  p r e s e n t  s tudy ,  t h e  source  d i r e c t i v i t y  p a t t e r n s  
desc r ibed  by cu rves  1 and 2 show a d i f f e r e n t  shape ( f i g .  25 (b ) ) .  When t h e  Mach 
number i s  increased  f u r t h e r  t o  Mo = 0.86, t h e  d i f f e r e n c e s  between curves  1 and 
2 becomes even l a r g e r ,  e s p e c i a l l y  i n  t h e  forward arc  ( f i g .  2 5 ( c ) ) .  For example, 
a t  8, = 140°,  a d i f f e r e n c e  of 10 dB exists.  
between t h e  p r e s e n t  a n a l y s i s  and t h e  p r e d i c t i o n  of Brooks and Hodgson 

The above descr ibed  d i f f e r e n c e s  
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demonstrates  t h e  need f o r  exper imenta l  assessment  of t h e  t r a i l i n g  edge n o i s e  
d i r e c t i v i t y  p a t t e r n  a t  h igh  Mach numbers. 
a i r f o i l s  i s  p r e s e n t l y  n o t  a v a i l a b l e .  

Direct v e r i f i c a t i o n  u s i n g  i s o l a t e d  

Mach Number Dependence - mch'number t o  t h e  f i f t h  power s c a l i n g  l a w s  w e r e  
ob ta ined  by s e v e r a l  p rev ious  i n v e s t i g a t o r s .  Brooks and Hodgson ( r e f .  10) 
measured an  OASPL dependence of M5*07. 
f i f t h  power dependence f o r  t h e  maximum sound p r e s s u r e  l e v e l  i n  t h e  a c o u s t i c  
spectrum. Both of t h e s e  s t u d i e s  employed i s o l a t e d  a i r f o i l s .  A similar v e l o c i t y  
dependence w a s  observed i n  p rev ious  i n v e s t i g a t i o n s  of a i r f r a m e  no i se .  Fink 
( r e f s .  6 and 7) r epor t ed  a f i f t h  power v e l o c i t y  dependence f o r  aerodynamical ly  
c l e a n  convent iona l  low speed a i r c r a f t ,  j e t  a i r c r a f t ,  and s a i l p l a n e s .  

Schl inker  ( r e f .  5 )  a l s o  observed a 

Spectrum Shape Assessment 

Ob jec t ives  - The f i r s t  o b j e c t i v e  of t h i s  phase of t h e  s tudy  w a s  t o  
de te rmine  if t h e r e  ex is t s  a u n i v e r s a l  spectrum shape d e f i n i n g  t h e  t r a i l i n g  
edge n o i s e  r a d i a t i o n .  A second o b j e c t i v e  w a s  t o  i d e n t i f y  the S t rouha l  number 
a s s o c i a t e d  wi th  t h e  spectrum peak. Recall t h a t  t h e  p r e s e n t  s tudy  w a s  unable  
t o  measure t h e  low frequency p o r t i o n  of t h e  spectrum s o  t h a t  t h e  spectrum peak 
could n o t  be  i s o l a t e d .  This  l i m i t a t i o n  w a s  overcome by inc lud ing  i n  t h e  spec- 
trum shape e v a l u a t i o n  d a t a  sou rces  which c l e a r l y  i d e n t i f i e d  t h e  spectrum peak. 
These d a t a  included t h e  prev ious  r epor t ed  i s o l a t e d  a i r f o i l  measurements of 
Schl inker  ( r e f .  5) and Brooks and Hodgson ( r e f .  10). I f  i t  could be demon- 
s t r a t e d  t h a t  t h e s e  d i f f e r e n t  measurements c o l l a p s e  onto  a s i n g l e  curve ,  t hen  
t h e  S t rouha l  number of t h e  spectrum peak could be  determined.  

Approach - Acoust ic  s p e c t r a  presented  h e r e  are l i m i t e d  t o  a s i n g l e  r e t a r d e d  
a n g l e  of 8, near  9 0 " .  
a T, 6" angle-of -a t tack  r e s u l t s .  
a f i n i t e  a n g l e  of a t t a c k .  
earlier on ly  t o  provide  a complete e v a l u a t i o n  of t h e  t r a i l i n g  edge n o i s e  
dependence on angle-of -a t tack .  

I n  a d d i t i o n ,  spectrum measurements w i l l  b e  l i m i t e d  t o  
This  i s  because h e l i c o p t e r  r o t o r s  o p e r a t e  a t  

Zero l i f t  c o e f f i c i e n t  measurements were d i scussed  

Frequency informat ion  i n  t h i s  s e c t i o n  of t h e  r e p o r t  con t inues  t o  be  
presented  i n  terms of a nondimensional S t rouha l  number. 
s e c t i o n  t i t l e d  A i r f o i l  Boundary Layer C h a r a c t e r i s t i c s ,  6 is t h e  a p p r o p r i a t e  
l e n g t h  s c a l e  t o  u s e  i n  t h e  S t rouha l  number parameter .  
r epor t ed  by previous  i n v e s t i g a t o r s  t o  check f o r  a u n i v e r s a l  spectrum shape, 
t h e r e f o r e ,  r e q u i r e d  e s t i m a t i n g  6 f o r  each s tudy .  
t h e  d a t a  r epor t ed  by Sch l inke r  ( r e f .  5 )  d i d  no t  provide d i r e c t  measurements of 
t h e  boundary l a y e r  t h i ckness .  Brooks and Hodgson ( r e f .  10) presented  t h e i r  
d a t a  i n  terms of a S t rouha l  number based on t h e  displacement  t h i c k n e s s  which 
t h e  a u t h o r s  determined from measured v e l o c i t y  p r o f i l e s .  A d i r e c t  measurement 

A s  d i scussed  i n  t h e  

Using measurements 

This  w a s  necessary  because I 



of 6 w a s  no t  a v a i l a b l e  p o s s i b l y  due t o  t h e  asymptot ic  shape of t h e i r  v e l o c i t y  
p r o f i l e  nea r  t h e  edge of t h e  boundary l a y e r .  De ta i l ed  d i s c u s s i o n s  of t h e  
procedures  used t o  p r e d i c t  6 i n  each of t h e  above s t u d i e s  are g iven  i n  
Appendix D. Tables  I11 and I V  l i s t  t h e  average  v a l u e s  of 6 c a l c u l a t e d  i n  each 
case .  

F igu re  26 shows t h e  measured t r a i l i n g  edge n o i s e  sound p r e s s u r e  l e v e l s  
ob ta ined  from t h e  p re sen t  s tudy  f o r  a = 7.6' a n g l e  of a t t a c k .  
were measured a t  d i f f e r e n t  r e t a r d e d  a n g l e s  b u t  were no t  converted t o  a common 
r e t a r d e d  ang le .  Th i s  w a s ,  however, done when t h e  s p e c t r a  were normalized t o  
check f o r  t h e  e x i s t e n c e  of a s c a l i n g  l a w .  
r e p r e s e n t  t h e  a c o u s t i c  r a d i a t i o n  from a u n i t  l e n g t h  ( 1  f t  o r  0.3 m) of t h e  
a i r f o i l .  

The s p e c t r a  

Note t h a t  a l l  a c o u s t i c  s p e c t r a  

F igu res  27 and 28 p r e s e n t  t h e  a c o u s t i c  s p e c t r a  measured by previous  
i n v e s t i g a t o r s .  
S t rouha l  number based on t h e  boundary layer th i ckness  v a l u e s  l i s t e d  i n  Tables  
I11 and I V .  These s p e c t r a  r e p r e s e n t  t r a i l i n g  edge n o i s e  measurements from a i r -  
f o i l  geometr ies  and chord l e n g t h s  d i f f e r e n t  from t h e  p re sen t  s tudy .  
ing  d i s c u s s i o n  develops  t h e  s c a l i n g  l a w  and tests i t  a g a i n s t  t h e  d i f f e r e n t  d a t a  
sources .  

Frequency informat ion  i n  each case i s  g iven  i n  terms of a 

The fol low- 

Sca l ing  Law Development - Dependence of t r a i l i n g  edge n o i s e  o n  Mach number 
Comparisons between and d i r e c t i v i t y  were as ses sed  i n  t h e  prev ious  subsec t ions .  

theory  and experiment i n d i c a t e d  t h a t  t h e  v e l o c i t y  dependence can be  modeled as 
M o r  as U f o r  incompress ib le  flow. I n  a d d i t i o n ,  t h e  n o i s e  d i r e c t i v i t y  
p a t t e r n  can  be r ep resen ted  by equa t ion  (32) i n  t h e  p l ane  normal t o  t h e  a i r f o i l  
model. However, t h e  i n f l u e n c e  of a i r f o i l  p r o f i l e  shape and a n g l e  of a t t a c k  
have not  y e t  been q u a n t i f i e d .  These parameters  are considered t o  i n f l u e n c e  t h e  
n o i s e  i n d i r e c t l y  by a l t e r i n g  t h e  t u r b u l e n t  boundary l a y e r  t h i ckness  a t  t h e  a i r -  
f o i l  t r a i l i n g  edge. 

5 5 

Noise dependence on boundary l a y e r  t h i c k n e s s  w a s  modeled as a l i n e a r  func- 
t i o n  of 6.  A l i n e a r  dependence on 6 a l s o  fo l lows  from t h e  t h e o r e t i c a l  t r a i l -  
ing  edge n o i s e  formula t ion .  S ince  6 is  p r o p o r t i o n a l  t o  6 f o r  t h e  f l a t  p l a t e  
geometry used i n  t h e  t h e o r e t i c a l  d e r i v a t i o n ,  6 can  be  r ep laced  by 6. 

* 
* 

The t h e o r e t i c a l  dependence on 6 w i l l  become more e x p l i c i t  i n  t h e  next  sec- 
t i o n  t i t l e d  T r a i l i n g  Edge Noise P r e d i c t i o n s .  There t h e  h igh  frequency l i m i t  
of equa t ion  (21) w i l l  be  de r ived  to  show t h e  dependence on 6 as w e l l  as t h e  
o t h e r  p h y s i c a l  parameters .  The r e s u l t i n g  expres s ion  guided t h e  s e l e c t i o n  of 
t h e  s p e c i f i c  paramet r ic  dependence f o r  u s e  i n  t h e  s c a l i n g  l a w .  It should be 
noted t h a t  t h e  l i n e a r  dependence on 6 a g r e e s  wi th  t h e  d e r i v a t i o n  of 
Ffowcs W i l l i a m s  and H a l l  ( r e f .  16 )  i n  a d d i t i o n  t o  t h e  a n a l y s i s  of Howe (eq. (7),  
r e f .  11). 
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- 
Based on t h e  above arguments f o r  t h e  paramet r ic  dependence on M, D and 6, 

t h e  o v e r a l l  sound p r e s s u r e  l e v e l  f o r  a two-dimensional i s o l a t e d  a i r f o i l  s e c t i o n  
i s  g iven  by 

Here t h e  parameter s d e f i n e s  t h e  a i r f o i l  span and re r e p r e s e n t s  t h e  a c o u s t i c  
source-to-microphone d i s t a n c e  i n  t h e  r e t a r d e d  coord ina te  system. I n  l o g a r i t h -  
mic form t h e  above equat ion  becomes 

OASPL = 50 loglo 100 + 10 log,o 2 '' + IO loglo 6 + K ,  , 
re 

u in knots 

where K 1  i s  t h e  unknown cons tan t  of p r o p o r t i o n a l i t y .  
100 kno t s  w a s  s e l e c t e d  f o r  t h e  v e l o c i t y  s c a l i n g  term t o  permi t  comparing t h e  
value of K1 obtained f r o m  the presen t  s tudy  w i t h  t h e  v a l u e  p rev ious ly  d e t e r -  
mined i n  t h e  a i r f r a m e  n o i s e  s tudy  by Fink  ( r e f s .  6 and 7). For t h i s  reason  t h e  
v e l o c i t y  i n  equat ion  ( 6 3 )  must be  i n  terms of knots .  Note t h a t  equa t ions  ( 6 2 )  
and ( 6 3 )  apply  t o  an  a i r f o i l  w i th  zero  sweepback a n g l e  a t  t h e  t r a i l i n g  edge. 

A r e f e r e n c e  v e l o c i t y  of 

I f  a u n i v e r s a l  spectrum e x i s t s  t hen  t h e  OASPL and 1 / 3  oc t ave  band sound 
p r e s s u r e  l e v e l  are r e l a t e d  by a S t rouha l  dependent f u n c t i o n  where 

Here, t h e  parameter SPL r e p r e s e n t s  t h e  1 / 3  oc t ave  band sound p r e s s u r e  l e v e l  i n  
dB and F1 d e s c r i b e s  t h e  spectrum shape. 
t h e  SPL dependence g i v e s  

Solving equa t ions  ( 6 3 )  and ( 6 4 )  f o r  

u in knots 
- 

Recognizing t h a t  D = 1 a t  8, go", and i s o l a t i n g  both  F1(St) and K1 g i v e s  

U in knots 
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By s u b t r a c t i n g  t h e  second and t h i r d  terms on t h e  r i g h t  s i d e  of equa t ion  
(66) from t h e  d i f f e r e n t  1 / 3  o c t a v e  band s p e c t r a  i n  f i g u r e s  26 t o  28, t h e  ex i s -  
t e n c e  of a u n i v e r s a l  spectrum shape can  be  t e s t e d .  
of F1(St) + K1 f o r  each d a t a  se t  c o l l a p s e  on a s i n g l e  curve  then  t h e  s c a l i n g  
l a w s  i n  equa t ions  ( 6 4 )  and (65) w i l l  have been v e r i f i e d .  Furthermore,  t h e  
e x i s t e n c e  of a normalized spectrum shape w i l l  have been confirmed. 

I f  t h e  r e s u l t i n g  cu rves  

Normalized Spec t r a  - Figure  29 shows t h e  normalized a c o u s t i c  s p e c t r a  ob- 
t a i n e d  from t h e  p r e s e n t  s tudy .  The no rma l i za t ion  i n c l u d e s  convers ion  of t h e  
s p e c t r a  measured a t  d i f f e r e n t  r e t a r d e d  a n g l e s  i n  f i g u r e  26 t o  a common a n g l e  
of 8, = 90" where t h e  d i r e c t i v i t y  f u n c t i o n ,  5 ,  i s  u n i t y .  T h e o r e t i c a l  d i r e c -  
t i v i t y  c a l c u l a t i o n s  were used f o r  t h e  d a t a  convers ion .  

T r a i l i n g  edge n o i s e  s p e c t r a  i n  f i g u r e  29 tend t o  c o l l a p s e  o n t o  a s i n g l e  
curve  when normalized by t h e  parameters  on t h e  r i g h t  s i d e  of equa t ion  (66).  
Although a d e f i n i t e  spectrum peak cannot  be  determined from t h e  d a t a  shown 
h e r e ,  t h e  cu rve  s u g g e s t s  t h a t  t h e  peak is nea r  S t  = 0.1. 
t h e  v a l u e  of S t  = 0 .1  determined by Fink ( r e f s .  6 and 7) i n  t h e  s tudy  of 
t r a i l i n g  edge n o i s e  genera ted  by f u l l s c a l e  c l e a n  a i r f r a m e  c o n f i g u r a t i o n s .  

This  i s  similar t o  

Normalized a c o u s t i c  s p e c t r a  obta ined  from t h e  earlier d a t a  r e p o r t e d  by 
Schl inker  are shown i n  f i g u r e  30. 
t h e  spectrum peak o c c u r r i n g  nea r  S t  = 0.1. 
t h e  no rma l i za t ion  are g iven  i n  Table 111. 

The d a t a  c o l l a p s e s  onto  a s i n g l e  curve  w i t h  
Values of t h e  parameters  used i n  

F igu re  31  shows t h e  normalized a c o u s t i c  s p e c t r a  obta ined  from t h e  d a t a  
r e p o r t e d  by Brooks and Hodgson f o r  a = 5". The spectrum peak i n  f i g u r e  31  
occur s  nea r  S t  = 0.14 which i s  c l o s e  t o  t h e  S t rouha l  peak sugges ted  by 
f i g u r e s  29 and 30. 

A t a b l e  of t h e  peak S t rouha l  numbers a s s o c i a t e d  w i t h  t h e  d i f f e r e n t  d a t a  
sou rces  descr ibed  above g i v e s  

I n v e s t i g a t o r s  Peak S t  Va lue  Based on 6 

Presen t  Study 
Brooks and Hodgson 
Schl  i n k e r  

0.1 
0.14 
0 .1  

Based on t h e  t a b u l a t e d  va lues  t h e  S t r o u h a l  peak a s s o c i a t e d  w i t h  t r a i l i n g  edge 
n o i s e  l i e s  between S t  = 0 . 1  and 0.14. This is c o n s i s t e n t  w i t h  t h e  v a l u e  of 
S t  = 0 . 1  ob ta ined  from t h e  c l e a n  a i r f r a m e  t r a i l i n g  edge n o i s e  s t u d i e s  of Fink 
( r e f s .  6 and 7) but  d i f f e r s  from t h e  v a l u e  r epor t ed  by Brooks and Hodgson 
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( r e f .  10). Thei r  s tudy  based t h e  S t r o u h a l  number on t h e  measured v a l u e  of 
6* i n s t e a d  of 6 as i n  t h e  above t a b u l a t i o n .  eak S t r o u h a l  num- 
be r  v a l u e s  w a s  c l o s e  t o  t h e  v a l u e s  t a b u l a t e d  above wi th  S t ( 6  ) vary ing  from 
0.07 t o  0.1. Here S t ( 6  ) d e s i g n a t e s  a S t rouha l  v a l u e  based on 6 . It i s  n o t  
clear why t h e  S t r o u h a l  v a l u e s  would be  similar when 6 i s  s i g n i f i c a n t l y  smaller. 
It i s  p o s s i b l e  t h a t  t h e  v a l u e  of 6 w a s  t o o  l a r g e  as d i scussed  i n  Appendix D. 

The i r  range  of E 
* * 

* 
* 

The measurements of Brooks and Hodgson can a l s o  be compared w i t h  t h e  peak * 
S t r o u h a l  v a l u e  (based on 6 ) obta ined  from t h e  s tudy  of Heller and Dobrzynski 
( r e f .  8) .  The la t ter  s tudy  presented  f a r - f i e l d  t r a i l i n g  edge n o i s e  s p e c t r a  
on ly  as a f u n c t i o n  of frequency. 
i n  r e f e r e n c e  8 to nondimensionalize t h e  s u r f a c e  p r e s s u r e  s p e c t r a ,  can  a l s o  
b e  used t o  form a nondimensional S t rouha l  number f o r  t h e  f a r - f i e l d  r a d i a t i o n .  
Based on t h e  spectrum peak occur r ing  a t  f = 200 Hz when U = 50 m/sec ( s e e  
f i g .  1 4 ,  r e f .  8 ) ,  t h e  peak S t rouha l  number becomes S t ( 6  ) = 0.02. T h i s  is  
approximate ly  a f a c t o r  of 4 t o  5 smaller than  t h e  peak S t rouha l  v a l u e  
r epor t ed  i n  r e f e r e n c e  10. 

However, t h e  v a l u e  of 6* = 5 mm, p resented  

* 

The S t r o u h a l  peak a s s o c i a t e d  w i t h  t h e  measurements of Heller and Dobrzynski 
(ref. 8) a g r e e s  with t h e  average  v a l u e  determined from t h e  p r e s e n t  s tudy .  I f  
S t  = 0.11, based on t h e  average  v a l u e  of 6 ,  t hen  us ing  6 = 6 / 8 ,  t h e  S t r o u h a l  
number based on d isp lacment  t h i c k n e s s  is  St(6*) = 0.014. This  is  s imilar  t o  
t h e  v a l u e  of S t ( 6  ) = 0.02 c a l c u l a t e d  f o r  t h e  s tudy  of Heller and Dobrzynski. 

* 

* 

Generalized Sca l ing  Law 

Approach - The g e n e r a l  conc lus ion  from f i g u r e s  29 t o  3 1  i s  t h a t  f o r  a 
g iven  a i r f o i l  geometry, 1/3  oc tave  band t r a i l i n g  edge n o i s e  s p e c t r a  c o l l a p s e  
o n t o  approximately a s i n g l e  cu rve  when normalized by t h e  s c a l i n g  l a w  g iven  i n  
equa t ion  ( 6 6 ) .  It now remains t o  de te rmine  i f  t h e  normalized s p e c t r a  ob ta ined  
from t h e  d i f f e r e n t  a i r f o i l  geometr ies  can  be  r ep resen ted  by a s i n g l e  spectrum 
f u n c t i o n ,  F1(St), and a c o n s t a n t ,  K1. 
29 t o  3 1  were p l o t t e d  on t h e  same graph as shown i n  f i g u r e  32. Only s e l e c t e d  
s p e c t r a  are shown t o  avoid  crowding t h e  d a t a .  

For t h i s  purpose,  t h e  s p e c t r a  i n  f i g u r e s  

Development of Equation - The success  of normal iz ing  t h e  s p e c t r a  from 
d i f f e r e n t  a i r f o i l  geometr ies  demonst ra tes  t h a t  t h e r e  e x i s t s  a u n i v e r s a l  
t r a i l i n g  edge n o i s e  spectrum. 
r e q u i r e s  a n a l y t i c a l l y  d e s c r i b i n g  t h e  f u n c t i o n a l  form f o r  F1(St). 
achieved by f i t t i n g  an  equa t ion  t o  t h e  nondimensional spectrum such as t h e  s o l i d  
s o l i d  l i n e  i n  f i g u r e  32. I n  t h i s  case .  t h e  a n a l y t i c a l  equa t ion  cor responds  t o  
t h e  f u n c t i o n  presented  by Fink i n  r e f e r e n c e  6 and 7 f o r  f u l l - s c a l e  a i r f r a m e  
t r a i l i n g  edge n o i s e .  The f u n c t i o n  i s  c u r r e n t l y  used i n  t h e  NASA ANOPP To ta l  
A i r c r a f t  Analys is .  
oc t ave  band sound p r e s s u r e  l e v e l s  and t h e  o v e r a l l  sound p r e s s u r e  l e v e l  is  

To q u a n t i f y  t h e  spectrum f o r  n o i s e  p r e d i c t i o n s  
This  can  be  

The equa t ion  d e s c r i b i n g  t h e  r e l a t i o n s h i p  between 113 
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6 (f) = SPLIl3 - OASPL = 10 I O Q , ~  f 0.613 (fL)' - [(&)y2+ Q5]'\ (67) 

where f 
f r e q u e n s y  S t r o u h a l  number g i v e s  t h e  s o l i d  l i n e  i n  f i g u r e  32.  

from t h e  d i f f e r e n t  d a t a  sou rces  desc r ibed  i n  t h e  t a b l e  i n  t h e  p rev ious  sub- 
s e c t i o n .  I n  a d d i t i o n ,  a v a l u e  of S t  = 0.1  provided t h e  b e s t  agreement w i t h  MAX 
t h e  d a t a  p o i n t s  i n  f i g u r e  32. 

i s  t h e  frequency a s s o c i a t e d  w i t h  t h e  spectrum peak. Replacing 
I n  t h i s  case, 

= 0.1  w a s  s e l e c t e d  based on t h e  average  peak S t rouha l  v a l u e  determined 
StMAX 

It now remains t o  de te rmine  t h e  r e l a t i o n s h i p  between t h e  spectrum shape 
The l i n k  between t h e s e  parameters  i s  and t h e  a b s o l u t e  sound p r e s s u r e  l e v e l .  

c o n t r o l l e d  by t h e  unknown c o n s t a n t ,  K1, i n  equa t ion  (66) .  
l e v e l  cor responding  t o  t h e  v a l u e  a t  t h e  maximum of t h e  s o l i d  l i n e  shown i n  
f i g u r e  32 ,  F1(St = 0.1) + K1 = 84.0.  
(67).  

Based on t h e  d e c i b e l  

But F1(St = 0.1) = -9.16 dR i n  equa t ion  
Thus, K1 = 93.2 dB. 

The f i n a l  equa t ions  f o r  p r e d i c t i n g  both  o v e r a l l  sound p r e s s u r e  l e v e l s  and 
113 oc tave  band sound p r e s s u r e  l e v e l s  are then  

K ,  = 93.2, U h knots 

and 

= 0.1. MAX Here St 

E f f e c t s  of d i r e c t i v i t y  have been inc luded  i n  equa t ion  (68) t o  g e n e r a l i z e  
t h e  r e s u l t s  f o r  a p p l i c a t i o n  t o  a l l  r a d i a t i o n  a n g l e s .  It should be emphasized 
t h a t  t h e  c o n s t a n t ,  K1, w a s  determined from v a r i o u s  i s o l a t e d  a i r f o i l  d a t a  sets 
w i t h  t h e  a i r f o i l s  a t  a f i n i t e  a n g l e  of a t t a c k  (a 6'). Thus, i n  t h e  str ictest  
sense ,  t h e  above equa t ions  cannot be  a p p l i e d  t o  t h e  a = 0' test c o n d i t i o n s .  
F o r t u n a t e l y ,  changes i n  ang le  of a t t a c k  can be  accounted f o r  by in t roduc ing  
t h e  c o r r e c t  v a l u e  of 6 ,  as shown by t h e  good c o l l a p s e  of d a t a  i n  f i g u r e  21. 
Equation (68 ) ,  t h e r e f o r e ,  is a g e n e r a l  equat ion .  

Comparison With E x i s t i n g  Sca l ing  Law - The above formula t ion  can now be 
compared t o  t h e  equa t ions  developed by Fink ( r e f s .  6 and 7) t o  p r e d i c t  air-  
frame t r a i l i n g  edge n o i s e .  The f u n c t i o n a l  dependence on M, 6 ,  and S t  is 

5 1  



i d e n t i c a l  t o  t h e  formula t ion  g iven  by Fink. 
used by Fink f o r  a wing w i t h  zero  sweep-back a n g l e  w a s  d i f f e r e n t  from t h a t  
g iven  by equa t ion  (32) .  Fink proposed t h a t  

However, t h e  d i r e c t i v i t y  f u n c t i o n  

Here 8, i s  t h e  a n g l e  between t h e  f l i g h t  pa th  and t h e  observer  p o s i t i o n  measured 
from t h e  approach d i r e c t i o n .  

2 from t h e  oppos i t e  d i r e c t i o n  so t h a t  cos  (ee/2)  i n  t h e  above equat ion  becomes 
s i n 2 ( e e / 2 ) .  
bu t  l a c k s  t h e  Mach number dependent terms. This  i s  because t h e  d i r e c t i v i t y  
p a t t e r n  g iven  by equa t ion  (70) r e p r e s e n t s  a low Mach number r e s u l t  which w a s  
based on t h e  e a r l y  theory  of Ffowcs W i l l i a m s  and H a l l  ( r e f .  16) .  I n  c o n t r a s t  
t h e  p re sen t  s tudy  provides  a gene ra l  expres s ion  given by equa t ion  (32) .  This  
f u n c t i o n a l  form inc luded  i n  t h e  p re sen t  s c a l i n g  l a w ,  i s  cons idered  t o  be  t h e  
c o r r e c t  formula t ion  f o r  t r a i l i n g  edge n o i s e .  

Recall t h a t  B e  i n  t h e  p re sen t  s tudy  i s  measured 

Thus, equa t ion  (70) is  similar t o  t h e  numerator of equa t ion  (32) 

Another d i f f e r e n c e  between the  p re sen t  s c a l i n g  l a w  and t h e  r e s u l t  of 
Fink becomes ev iden t  when comparing t h e  va lue  of t h e  cons t an t  K1.  
u s e s  a v a l u e  of K1 = 93.2 dB whi le  Fink r epor t ed  a v a l u e  of K1 = 101.5 dB. 
l a t t e r  v a l u e  i s  based on measurements us ing  microphones on p o s t s  1 . 2  m above 
t h e  ground. Accounting f o r  ground r e f l e c t i o n s ,  which cause  measured l e v e l s  
t o  b e  approximately 3 dB above f r e e - f i e l d  c o n d i t i o n s  a t  h igh  f r e q u e n c i e s ,  
r e s u l t s  i n  K1 = 98.5. 
i n  r e f e r e n c e s  6 and 7 was h igh  by approximately 5 dB when compared t o  t h e  
p r e s e n t  s tudy .  This  d i f f e r e n c e  w a s  ev iden t  ea r l ie r  when Schl inker  compared 
h i s  t r a i l i n g  edge n o i s e  measurements w i th  t h e  p r e d i c t i o n  developed by Fink. 
The comparisons r e p o r t e d  i n  r e f e r e n c e  5 i n d i c a t e d  approximately a 4 dB 
d i f f e r e n c e  between measured and p red ic t ed  vii lues.  

Equat ion ( 6 8 )  
The 

Hence, t h e  va lue  of K1 a s s o c i a t e d  wi th  t h e  s c a l i n g  l a w  
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TRAILING EDGE NOISE PREDICTIONS 

Objective 

Two different trailing edge noise prediction methods were developed in 
the previous sections of this report consisting of a fundamental theoretical 
approach with no adjustable constants and a scaling law approach based on 
experimental data. 
stationary two-dimensional isolated airfoil segment. 

Each approach modeled the noise as radiating from a 

It now remains to assess the accuracy of the two prediction methods. 
Following this the stationary two-dimensional isolated airfoil formulation 
will be extended to the rotating coordinate system. 
scribed in the section titled Theoretical Formulation of the Trailing Edge 
Noise Mechanism will be used for this purpose. Sound pressure levels will 
be calculated and compared to specific full-scale helicopter test data. 

Transformations de- 

Assessment of Isolated Airfoil Noise Prediction Procedures 

Scaling Law Approach - It would appear that selecting values for 
StMAX and K 
scaling law prediction and experimental measurements. Supposedly this would 
provide an accurate scaling law method for predicting the trailing edge noise. 
The accuracy of the scaling law approach, however, is limited by how closely 
the initial data collapses onto a single curve. Although the solid line in 
figure 32 represents the average of the experimental data, the curve should 
be compared to the individual data sets used to generate this figure. 

based on experimental data removes any discrepancy between the 1 

Figure 29 compares the scaling law with the experimental results of the 
present study. Measurements at Strouhal numbers below unity show reasonable 
agreement with the solid line representing equation (70). 
associated with the spectrum peak is close to the value of St 

The Strouhal number 
= 0.1 

MAX 

Data from the study of Schlinker (ref. 5) is compared to the scaling law 
in figure 30. Again the sound pressure levels are in good agreement with the 
measured values while the spectrum peak occurs near the value of StMAX selected 
for the scaling law. Comparing the scaling law with the measurements of Brooks 
and Hodgson in figure 31 indicates a difference in Strouhal number associated 
with the spectrum peak. This difference was not apparent in figure 32 due to 
the heavy concentration of data points. 
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The detailed comparison available in figures 29, 30, and 31 emphasizes 
that the scaling law represents the average of the data points in figure 32 
and specific data sets can be different from the average line. 
ences define the accuracy of the scaling law approach when compared to the 
isolated airfoil studies conducted by different investigators. 

Such differ- 

Theoretical Approach - Figure33(a)compares the first principles trailing 

Note that the power spectral density form- 

needed in equation (22) was determined from figure 19 using' 
Recall 

edge noise theory given by equations (21) and (22) with the measurements 
obtained from the present study. 
ulation in equation 21 has been converted to one-third octave band form. 
the value of 6 
the flat plate boundary layer approximation 6 
that the accuracy of modeling the flow field as a flat plate boundary layer 
was discussed earlier in the section titled Airfoil Boundary Layer Character- 
istics. Additional discussions are given in Appendix D. 

Also * 
* 

= 6/8 = di/(1.O7)(8). 

A comparison of the predicted and measured spectra in figure 3(a) shows 
good agreement at high frequencies but poor agreement at low frequencies. 
A similar comparison with the narrowband spectra of Brooks and Hodgson, given 
in figure 3 4 ,  also shows poor agreement. 
needed as an input to the present prediction was based on Table IV and the 
relationship 6* = 6/8. 

In the latter case the value of 6" 

Predictions in figure 33(a) and 34 are based on a flat plate surface 
pressure field model with the spectrum shape, S given by equation (22). 
It was postulated that better agreement at low Brequencies could be obtained 
by replacing the flat plate convecting surface pressure model with the pres- 
sure field existing at the trailing edge of an airfoil. Justification for 
this approach was based on the normalized surface pressure spectrum measure- 
ments of Yu (ref. 9) as well as Brooks and Hodgson (ref. 10). The experi- 
mental results obtained from reference 9 are plotted in figure 35(a) as a 
function of 2 for two freestream velocities. 
to an airfoil at zero degrees angle of attack. Also shown in the same 
figure is the normalized surface pressure spectrum for a flat plate given by 
equation 22. 

9' 

These measurements correspond 

Comparison of the airfoil and flat plate spectra in figure 35(a) indicates 
a definite difference in the spectrum shape and absolute level for these two 
geometries. Qualitatively, the fluctuating surface pressure spectrum near 
the airfoil trailing edge is seen to be about 7 dB higher than the zero pres- 
sure gradient flat plate result. This contrast is presented quantitatively 
in figure 35(b) where the abscissa represents the difference between the 
average of the airfoil data (see figure 35(a)) and the flat plate spectrum. 
Representing the difference function in figure 35(b) a s  DIFF (5) results in 
a modified expression for the surface pressure.spectrum given by 
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Applying S' t o  t h e  i s o l a t e d  a i r f o i l  n o i s e  p r e d i c t i o n  p rov ides  t h e  
modified t h e o r e t y z a l  p r e d i c t i o n  shown i n  f i g u r e  33b) f o r  t r a i l i n g  edge n o i s e  
measurements conducted dur ing  t h e  p re sen t  s tudy .  
theory  and experiment now shows b e t t e r  agreement a t  low f r equenc ie s .  
p a r t i c u l a r ,  p r e d i c t e d  n o i s e  levels are w i t h i n  3 dB of measured levels over  
most of t h e  spectrum range from M = 0 . 1  t o  0.5. The need t o  inc lude  t h e  air- 
f o i l  s u r f a c e  p r e s s u r e  spectrum has ,  t h e r e f o r e ,  been demonstrated.  

A comparison of t h e  modif ied 
I n  

A similar conclus ion  i s  obta ined  from f i g u r e  34 where t h e  modif ied theory  
i s  compared t o  t h e  measurements of Brooks and Hodgson. The improvement i n  
t h e  p r e d i c t e d  sound p r e s s u r e  levels i s  ev iden t  when t h e  c i rc le  and square  symbols 
are compared a t  M = 0.2.  

A f i n a l  demonstrat ion of t h e  a b i l i t y  t o  c a l c u l a t e  t r a i l i n g  edge n o i s e  
r a d i a t i o n  us ing  t h e  modif ied f i r s t  p r i n c i p l e s  theory  is  g iven  i n  f i g u r e  3 6 .  
Here t h e  p re sen t  a n a l y s i s  i s  compared t o  t h e  d a t a  r epor t ed  by Schl inker  
( r e f .  5). 
agreement i n  a b s o l u t e  sound p r e s s u r e  l e v e l s .  

Again t h e  comparison between theory  and experiment shows good 

F igure  34 a l s o  shows t h e  t r a i l i n g  edge n o i s e  p r e d i c t i o n  c a l c u l a t e d  by 
Brooks and Hodgson f o r  t h e i r  own d a t a .  A b r i e f  d i s c u s s i o n  of t h e  d i f f e r e n c e  
between t h e i r  p r e d i c t i o n  and t h e  p re sen t  c a l c u l a t i o n  i s  warranted.  The pre- 
d i c t i o n  i n  r e f e r e n c e  10, which i s  based on t h e  measured s u r f a c e  p r e s s u r e  
s p e c t r a  and c h a r a c t e r i s t i c  l e n g t h  scales, does n o t  r e q u i r e  a va lue  of 6* as 
an  i n p u t .  I n  c o n t r a s t ,  t h e  p r e s e n t  approach u s e s  a n  a n a l y t i c a l  model f o r  t h e  
s u r f a c e  p r e s s u r e  c h a r a c t e r i s t i c s  and r e q u i r e s  a knowledge of 6" which is  
c a l c u l a t e d  from f l a t  p l a t e  boundary l a y e r  t heo ry .  A s  noted i n  Appendix D,  
t h e  c a l c u l a t e d  6* v a l u e  d i f f e r s  from t h e  measured va lue  r epor t ed  by Brooks 
and Hodgson by a f a c t o r  of approximately 2.5. It is not  clear which v a l u e  
should be  used. However, Appendix D d i s c u s s e s  t h e  above descr ibed  d i f f e r -  * * ences  i n  6 and p r e s e n t s  t h e  reasons  f o r  u s i n g  t h e  va lue  of 6 obta ined  
from f l a t  p l a t e  boundary l a y e r  t heo ry .  

Modif ica t ion  of t h e  f i r s t  p r i n c i p l e s  t r a i l i n g  edge n o i s e  theo ry  focused 
on r e p l a c i n g  t h e  expres s ion  f o r  Sqq on a f l a t  p l a t e  w i th  a measured a i r f o i l  
s u r f a c e  p r e s s u r e  spectrum. A similar mod i f i ca t ion  w a s  considered f o r  t h e  
spanwise l e n g t h  scale, %, which i s  de r ived  i n  equat ion  (19) from t h e  span- 
w i s e  cross-spectrum Sqq (w,yo). 
f u n c t i o n a l  form of t h e  parameter ,  lly, would mt b e  expected t o  be  t h e  same 
f o r  an a i r f o i l  s u r f a c e  and a f l a t  p l a t e .  
t h a t ,  indeed,  t h e  normalized a i r f o i l  and f l a t  p l a t e  s p e c t r a  are i d e n t i c a l .  
Consequently,  i f  w a s  n o t  necessary  t o  al ter t h e  expres s ion  f o r  lly and t h e  f l a t  

Based on t h e  comparisons of Sqq and SIqq t h e  

However, Brooks and Hodgson showed 
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plate boundary layer length scale was considered to be representative of 
the flow field modeled here. 

Comparison of Scaling Law and Theoretical Approach - It is worthwhile 
to compare the analytical and the scaling law approach for calculating trail- 
ing edge noise. For comparison purposes the theory will be simplified by re- 
moving the dependence on the ratio of acoustic wavelength to airfoil chord. 
Letting the ratio of chord-to-wave-length approach infinity, and letting 
Mch = M in the expression for1 in equation (21) gives for the far-field 
narrow band sound pressure level 

where 6 ( e e , $ )  is given by equation (32 ) .  
pressure spectrum given by S' in equation (71)  has replaced the flat plate 
surface pressure spectrum teAqin equation (21). 

Note that the modified surface 

Putting this in third octave form using equation ( 2 4 )  gives approx- 

+ 126.8 0.1 < Q) < 20 
where F(:) represents the frequency dependence given by equation (22b). 
the value K follows strictly from the theoretical noise model proposed and 
the values of the parameter S'qq and R 
pressures near the trailing edge can be modeled by equation (71)  and ( 2 4 ) .  
No adjustment of the value of K exists in equation ( 7 3 ) .  
that there is a factor of 8n difference between equations (72)  and ( 7 3 ) .  This 
change occurs because a factor of 2 is needed to account for both sides of 
the airfoil, a second factor of 2.rr accounts for changing from an w spectrum 
to a frequency spectrum, and an additional factor of 2 is needed to convert 
a two-sided spectrum ranging from w = -00 to w = +oo to a one-sided spectrum 
ranging from w = 0 to w = +-. 

Here 

obtained after assuming that surface 

It should be noted 

Y 

2, 

2, % 

% % 

Before the above theoretical result can be compared to the scaling law 
equation it is necessary to convert the equation to a form similar to that 
given by equation (69). 
velocity and letting 6 =6/8. Equation (73)  then becomes 

This requires replacing the Mach number dependence by * 
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Now the constant, K, contains the conversion which changes Mach number 
dependence to a velocity dependence in knots. The constant also contains 
the factor of 8 which links 6* and 6. 

For comparison to the above expression, equations (68) and (69) are 
combined into one similar equation which is 

where K1 = 93.2. 

The form of equations (74) and (75) now permit direct comparison. The 
parametric dependence on U, 6, and b (€le,$) is similar. However, the peak 
value in addition to the frequency dependence appear to be different in each 
equation. These differences are best evaluated by isolating the frequency 
and amplitude dependent terms in a form similar to equation (661, thereby, 
permitting direct comparison of the normalized spectrum shape. The result 
"is shown in figure 37 where the abscissa represents either: 

a) for the first principles theory, F(St)DIFF(St)+K 
b) for the scaling law, F1(St)+K1 

Figure 37 shows that the spectrum peak amplitudes for the two prediction 
methods are approximately the same. However, the Strouhal numbers associated 
with each peak differ by a factor of two even though the spectrum shapes are 
similar (see shifted curve in figure 37). In the case of the scaling law the 
peak occurs at St = 0.1 while the theoretical result gives a value of approx- 
imately St = 0.2. This explains why the peak Strouhal number in the analytical 
prediction shown in figure 33(b) occurs near St = 0 . 2  while the scaling law 
(based on figure 3 2 )  peaks near St = 0.1. 

Summary and Evaluation - The above discussions assessed the accuracy of 
the scaling law and theoretical approach for predicting trailing edge noise 
levels. 
methods give approximately the same sound pressure level at the spectrum peak 
and predict approximately the same spectrum shape. However, the fundamental 
theory predicts a larger value for the Strouhal number associated with the 
spectrum peak. Thus, for the purpose of predicting trailing edge noise 
radiation from rotating blades the scaling law is considered presently to be 
the most reliable. This conclusion applies for a range of Mach numbers up 
to a maximum of M = 0 .55 .  
representative of full-scale helicopter main rotor operating conditions. 

Based on the comparisons between predictions and experiment both 

Furthermore, this result applies to Reynolds numbers 
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For those cases in which the Mach number is above the highest value 

This follows from the fundamental theory which includes the 
investigqted here the fifth power Mach number scaling continues to be 
applicable. 
compressibility effects occurring at high Mach numbers. 
( 7 2 )  SppaMU4. 
speed given by coy SppaM5. 
at low speeds and high speeds. 

Based on equation 
For a rotor operating in a constant atmospheric propagation 

Thus, the Mach number dependence is the same 

Trailing edge noise directivity dependence in the scaling law is also 
considered to remain the same at high rotor Mach numbers. 
from the theoretical directivity function which was incorporated directly into 
the scaling law. 
based on the theoretical normalized spectrum. 
empirical spectrum shapes given by F(St)*DIFF(St) and F1(St) have approximately 
the same shape although they peak at a different Strouhal number (see Fig. 3 7 ) .  

This follows again 

Similarly the spectrum shape is considered to remain unaltered 
Recall that the analytical and 

There are two limitations to the applicability of the trailing edge noise 
prediction procedures developed here. The first requirement is that the air- 
foil section Mach number must be below the condition at which impulsive noise 
is generated due to locally supersonic flow. In this case the shock boundary 
layer interaction increases the trailing edge boundary layer thickness making 
the flat plate boundary layer calculation unreliable for determining the value 
of 6 needed as an input to the scaling law. It should be noted that based on 
the scaling law dependence trailing edge broadband noise would increase sig- 
nificantly under this operating condition. 

The second requirement applies to model noise tests and the location of 
the laminar to turbulent transition point on the airfoil. 
scale trailing edge noise radiation it is required that turbulent boundary layer 
develop over a sufficient distance to ensure an equilibrium boundary layer at 
the airfoil trailing edge. 
vected over the trailing edge does not possess a universal spectrum shape and 
becomes a function of the turbulent flow distance on the airfoil surface. 
The above criterion is best satisfied by maintaining the same Reynolds number 
as that expected for a full scale geometry. The length scale in the Reynolds 
number calculation would be based on the distance from the transition point to 
the airfoil trailing edge. 

To simulate full 

Otherwise the surface pressure spectrum field con- 

It should be noted that differences between the present theoretical 
approach and the experimental results should not preclude further development 
and application of the theory. The analytical model of surface pressure 
spectra convecting past the airfoil trailing edge is basically correct and 
can be shown to be similar to the formulations of other investigators. The 
source of the difference in spectrum peak location is, therefore, not the 
acoustic source model but rather the surface pressure spectra data needed as 
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an input to the prediction. The lack of agreement can be traced to 
insufficient details in the surface pressure 'field description. 
the pressure spectrum,S' 
an airfoil at a=Oo. DifPerences between the predicted and measured spectrum 
peak Strouhal number could possibly be removed by incorporating the influence 
of angle of attack on the surface pressure spectrum. Measurements of both 
Yu (ref. 9) as well as Brooks and Hodgson (ref. 10) have shown that increas- 
ing a increases the low frequency portion of the suction side surface pressure 
spectrum by approximately 3 dB. Conceptually this would increase the absolute 
sound pressure level of the low frequency side of the predicted spectrum in 
figure 37 sufficiently to shift the broad spectrum peak by the one octave in 
figure 3 7 .  This could result in total agreement of the first principles trail- 
ing edge noise theory with the experimental results. 

Specifically, 
is presently based on measurements obtained for 

q' 

Accurate predictions of the trailing edge noise mechanism may, therefore, 
require using measured surface pressure data obtained near the airfoil trail- 
ing edge. Such detailed measurements were conducted by Brooks and Hodgson 
at low Mach numbers (M50.2) to provide the necessary experimental input to 
their theoretical noise prediction. This approach should be extended to the 
higher Reynolds numbers associated with full-scale helicopter rotor operating 
conditions. If it can be demonstrated that the surface pressure data at higher 
Reynolds numbers continues to collapse onto a universal curve, then this curve 
could be used as a generalized input to the noise prediction. 

Rotating Blade Noise Predictions 

Approach - For the purpose of predicting trailing edge noise from rotating 
blades the scaling law was transformed to the rotating frame. The method 
employed assumed that the spectrum of a given blade segment is, at any partic- 
ular instant, given by equation ( 7 5 ) .  The local relative velocity of the rotor 
blade segment determined the boundary layer details and the resulting noise 
spectrum. The 1/3 octave band spectrum shape, given by equation (75), was 
converted to a narrowband power spectral density expression by accounting for 
the filter bandwidth. 
about the azimuth. 

The spectrum was permitted to vary as the rotor moved 

To obtain the final spectrum, the instantaneous spectrum was averaged 
around the azimuth, together with a weighting which accounted for retarded 
time effects. Details of the analysis were described earlier in the section 
titled Theoretical Formulation of the Trailing Edge Noise Mechanism. 

Input to Noise Prediction - Equation 75 requires for each spanwise segment 
of the rotor blade a knowledge of a) the local freestream velocity, b) the 
average of the suction side and pressure side boundary layer thickness, and 
c> the observer position relative to the rotor plane. With the exception of 
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t h e  boundary l a y e r  t h i c k n e s s ,  6 ,  t h e  above v a r i a b l e s  are e a s i l y  determined. 
To avoid us ing  complicated computational f l u i d  dynamics methods f o r  determin- 
i n g  6 t h i s  parameter was es t imated  us ing  t h e  f l a t  p l a t e  boundary l a y e r  cal- 
c u l a t i o n s .  T h i s  approach w a s  j u s t i f i e d  earlier by a comparison of t h e  f l a t  
p l a t e  c a l c u l a t i o n  wi th  t h e  average of t h e  p r e s s u r e  and s u c t i o n  s i d e  v a l u e s  
of 6 f o r  t h e  r o t o r  b l a d e  segment t e s t e d  i n  t h e  p r e s e n t  s tudy .  The comparisons 
showed good agreement a t  small  a n g l e s  of a t t a c k  ( s e e  f i g .  1 9 ) .  

Recall t h a t  t h e  d i f f e r e n c e s  between f l a t  p l a t e  boundary l a y e r  theory  and 
experiment were less than  20 p e r c e n t .  Based on t h e  t r a i l i n g  edge n o i s e  
s c a l i n g  l a w  t h e  es t imated  d i f f e r e n c e  i n  n o i s e  r a d i a t i o n  would b e  less than  
0.8 dB. T h i s  s ta tement  imples t h a t  h e l i c o p t e r  r o t o r  t r a i l i n g  edge n o i s e  
p r e d i c t i o n s  based on f l a t  p l a t e  boundary l a y e r  c h a r a c t e r i s t i c s  are a c c u r a t e  
w i t h i n  s e v e r a l  d e c i b e l s .  Grea ter  accuracy,  and t h e r e f o r e ,  d e t a i l e d  boundary 
l a y e r  in format ion ,  w a s  n o t  r e q u i r e d  s i n c e  t h e  o b j e c t i v e  of t h e  s tudy  w a s  t o  
assess t h e  r e l a t ive  importance of t h i s  n o i s e  mechanism compared t o  t h e  o t h e r  
o p e r a t i v e  mechanisms on a f u l l  scale h e l i c o p t e r .  

S ince  t h e  a b r a s i o n  s t r i p  on f u l l  scale h e l i c o p t e r  r o t o r s  i s  known t o  
t r i p  t h e  s u r f a c e  boundary l a y e r  c l o s e  t o  t h e  b l a d e  l e a d i n g  edge t h e  f l a t  p l a t e  
boundary l a y e r  c a l c u l a t i o n  w a s  i n i t i a t e d  a t  t h e  b l a d e  l e a d i n g  edge. This  i s  
expected t o  i n t r o d u c e  only  a small  e r r o r  i n  t h e  c a l c u l a t i o n  of 6 .  

Test Case - The t r a i l i n g  edge n o i s e  p r e d i c t i o n  method w a s  t e s t e d  a g a i n s t  
d a t a  measured d u r i n g  a f u l l - s c a l e  h e l i c o p t e r  n o i s e  f l y o v e r .  Details  of t h e  
h e l i c o p t e r  main r o t o r  and t a i l  r o t o r  are t a b u l a t e d  below. 

Main Rotor T a i l  Rotor 

Number of Blades 
Rotor Radius 
Blade Chord 
Rotor R o t a t i o n  Rate 

4 4 
6.7 m 1 . 2  m 
0.4 m .17 m 
307 rpm 1689 rpm 

The main r o t o r  b l a d e  geometry was i d e n t i c a l  t o  t h e  r o t o r  b l a d e  segment t e s t ed  
dur ing  t h e  two-dimensional i s o l a t e d  a i r f o i l  i n v e s t i g a t i o n  conducted i n  t h e  
p r e s e n t  s tudy .  

Data presented  h e r e  correspond to a leve l  f l y o v e r  c o n d i t i o n  of  36 o r  
72 m/sec and a n  a l t i t u d e  of  76 m. Acoust ic  s p e c t r a  were processed when t h e  
h e l i c o p t e r  w a s  i n  approximately a n  overhead p o s i t i o n  s o  t h a t  8, = 90". 
w a s  ob ta ined  us ing  microphones on p o s t s  1 .2  m above t h e  ground. To account 
f o r  t h e  ground r e f l e c t i o n  e f f e c t  3 dB were added t o  t h e  f r e e  f i e l d  t r a i l i n g  
edge n o i s e  p r e d i c t i o n .  Weather c o n d i t i o n s  dur ing  t h e  h e l i c o p t e r  f l y o v e r  
are  t a b u l a t e d  below. 

Data 
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Wind speed - ze ro  v e l o c i t y  (calm) 

R e l a t i v e  Humidity - 90% 
Temperature - 77°F 

The e f f e c t  of atmospheric a t t e n u a t i o n  due t o  humidity was accounted f o r  by 
apply ing  a c o r r e c t i o n  t o  t h e  measured d a t a .  

F igu re  38 shows t h e  narrowband (12.5 Hz bandwidth) t o t a l  h e l i c o p t e r  n o i s e  
spectrum measured du r ing  t h e  f l y o v e r .  Cor rec t ions  f o r  ground r e f l e c t i o n s  and 
a tmospher ic  a t t e n u a t i o n  have no t  been a p p l i e d  h e r e .  The o b j e c t i v e  of pre- 
s e n t i n g  t h i s  f i g u r e  i s  t o  demonstrate t h a t  t h e  f l y o v e r  s i g n a t u r e  i s  mainly 
broadband n o i s e  above 1 KHz. Apparent d i s c r e t e  t one  peaks i n  t h e  spectrum 
are due only  t o  t h e  s h o r t  averaging  t i m e  (1 /2  s e c )  used du r ing  t h e  spectrum 
a n a l y s i s .  Although a longe r  averaging  time would have provided a smoother 
spectrum, s p a t i a l  d i r e c t i v i t y  informat ion  would then  be averaged. For example, 
t h e  1 / 2  second averaging  t i m e  employed i n  t h e  above desc r ibed  measurements 
r e s u l t e d  i n  averaging  angu la r  in format ion  w i t h i n  f 11' about t h e  90" overhead 
p o s i t i o n  dur ing  t h e  72 m/sec f l y o v e r .  F o r t u n a t e l y ,  d i r e c t i v i t y  informat ion  
v a r i e d  slowly a t  t h i s  ang le  as shown by t h e  t h r e e  d i f f e r e n t  s p e c t r a  super- 
imposed on f i g u r e  38. Each spectrum r e p r e s e n t s  t h e  ou tpu t  from a 1 / 2  s e c  
spectrum a n a l y s i s  ob ta ined  dur ing  t h e  f l y o v e r .  One spectrum cor responds  t o  
t h e  90" overhead p o s i t i o n  wh i l e  t h e  o t h e r  two s p e c t r a  r e p r e s e n t  t h e  preceed- 
i n g  and fo l lowing  s p e c t r a .  

F igure  39 (a )  shows t h e  same f lyove r  c o n d i t i o n  measured wi th  a narrowband 
spectrum i n  f i g u r e  38 converted t o  1 / 3  oc t ave  band ana lyze r  ( c i r c l e  symbol). 
The squa re  symbol i n  f i g u r e  39(a)  represents t h e  same d a t a  w i t h  t h e  atmospheric 
a t t e n u a t i o n  c o r r e c t i o n  added t o  t h e  measurement. Add i t iona l  c o r r e c t i o n s  t o  
account f o r  t h e  Doppler s h i f t  and r e t a r d e d  source  p o s i t i o n  were no t  necessa ry  
i n  t h e  overhead p o s i t i o n .  

Also shown i n  f i g u r e  39 (a )  i s  t h e  s c a l i n g  l a w  p r e d i c t i o n  f o r  t h e  he l icop-  
t e r  main r o t o r  t r a i l i n g  edge n o i s e .  Comparison of t h e  t o t a l  h e l i c o p t e r  n o i s e  
spectrum and t h e  t r a i l i n g  edge n o i s e  spectrum demonst ra tes  t h a t  a t  h igh  f r e -  
quencies  t r a i l i n g  edge n o i s e  can be a s i g n i f i c a n t  n o i s e  mechanism. In f a c t ,  
a t  some f r e q u e n c i e s  p r e d i c t e d  and measured n o i s e  l e v e l s  are  almost i d e n t i c a l .  
Below 2 KHz o t h e r  broadband n o i s e  mechanisms beg in  t o  dominate over  t h e  t r a i l -  
i n g  edge n o i s e  as shown by t h e  d ive rgence  of t h e  p r e d i c t e d  and measured curves .  

F igu re  39(b) shows a second measured spectrum a t  a d i f f e r e n t  f l y o v e r  
Again t h e  comparison between p r e d i c t e d  113 o c t a v e  band l e v e l s  and speed. 

measured s p e c t r a  is  good. 

Also presented  i n  f i g u r e  39 is  t h e  f i r s t  p r i n c i p l e s  p r e d i c t i o n  f o r  t h e  
main r o t o r  t a i l i n g  edge n o i s e .  The spectrum peak ampl i tude  is  c l o s e  t o  t h e  
measured l e v e l s  a l though t h e  frequency a s s o c i a t e d  wi th  t h e  peak occur s  a t  a 
v a l u e  about  t h e  dominant p o r t i o n  of t h e  measured broadband n o i s e  spectrum. 
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This  l a t t e r  f e a t u r e  w a s  expected from t h e  comparison of t h e  s c a l i n g  l a w  
and t h e  f i r s t  p r i n c i p l e s  t r a i l i n g  edge n o i s e  p r e d i c t i o n s  i n  f i g u r e  37. It 
i s  f e l t ,  however, t h a t  f u r t h e r  development of t h e  a i r f o i l  s u r f a c e  p r e s s u r e  
spectrum model w i l l  p rovide  b e t t e r  agreement w i t h  measured d a t a .  

A comparison of t h e  p r e d i c t e d  t r a i l i n g  edge n o i s e  f o r  t h e  h e l i c o p t e r  
main r o t o r  and t h e  measured t o t a l  h e l i c o p t e r  n o i s e  spectrum h a s  been pre- 
sen ted  i n  f i g u r e  39. Although n o i s e  from t h e  t a i l  r o t o r  w a s  a l s o  p r e s e n t  
t h i s  c o n t r i b u t i o n  w a s  expected t o  be  weak. T h i s  i s  due t o  t h e  smaller bound- 
a r y  l a y e r  t h i c k n e s s  and r o t o r  span v a l u e s  which are l i n e a r  i n p u t s  t o  t h e  
a n a l y s i s  according t o  e q u a t i o n  (75).  Also, t h e  s m a l l e r  boundary l a y e r  
t h i c k n e s s  on t h e  t a i l  r o t o r  causes  t h e  spectrum peak t o  s h i f t  t o  a h i g h e r  
S t r o u h a l  number. 

Summary and Evalua t ion  - The importance of t h e  h e l i c o p t e r  t r a i l i n g  edge 
n o i s e  mechanism h a s  been v e r i f i e d  by d i r e c t  c a l c u l a t i o n  of t h e  a s s o c i a t e d  
n o i s e  l eve ls  dur ing  an a i r c r a f t  f l y o v e r .  P r e d i c t e d  n o i s e  levels  c l o s e  t o  t h e  
t o t a l  h e l i c o p t e r  n o i s e  spectrum demonstrate  t h a t  t r a i l i n g  edge n o i s e  must b e  
accounted f o r  i n  f u t u r e  n o i s e  p r e d i c t i o n  procedures .  

S ince  t r a i l i n g  edge n o i s e  i s  c o n t r o l l e d  by t h e  i n h e r e n t  c h a r a c t e r i s t i c s  
of t h e  r o t o r  b l a d e  boundary l a y e r ,  i t  i s  d i f f i c u l t  t o  e l i m i n a t e  t h i s  n o i s e  
mechanism. Delaying t h e  boundary l a y e r  t r a n s i t i o n  t o  reduce  6 i n  equat ion  
(75) i s  a p o s s i b i l i t y  b u t  t h e  b e n e f i t s  are margina l  due t o  t h e  l i n e a r  depen- 
dency on boundary l a y e r  th ickness .  E f f o r t s  t o  s h i f t  t h e  b l a d e  s u r f a c e  pres -  
s u r e  spectrum t o  a h i g h e r  frequency t o  i n c r e a s e  atmospheric  a t t e n u a t i o n  re- 
p r e s e n t s  a p o s s i b l e  but  d i f f i c u l t  t a s k  of c o n t r o l l i n g  d e t a i l s  of t h e  t u r b u l e n t  
boundary l a y e r  p r e s s u r e  spectrum. 

The r e d u c t i o n  of h e l i c o p t e r  r o t o r  t r a i l i n g  edge n o i s e  i s ,  t h e r e f o r e ,  
l i m i t e d  t o  changes i n  t h e  aerodynamic o p e r a t i n g  c o n d i t i o n s .  A s  suggested 
by t h e  p r e d i c t i o n  methods presented h e r e ,  a. r e d u c t i o n  of t i p  speed would 
provide  t h e  g r e a t e s t  improvement. Reduced speeds would, presumably, re- 
q u i r e  i n c r e a s i n g  t h e  number of r o t o r  b l a d e s  t o  main ta in  a c o n s t a n t  r o t o r  
t h r u s t .  The r e s u l t i n g  i n c r e a s e  i n  t r a i l i n g  edge n o i s e  would, however, be  
less t h a n  t h e  d e c r e a s e  achieved by changing t h e  t i p  speed. 

With t h e  except ion  of t h e  above descr ibed  n o i s e  r e d u c t i o n s ,  t r a i l i n g  
edge n o i s e  r e p r e s e n t s  t h e  l i m i t i n g  a c o u s t i c  source  mechanism f o r  t h e  t o t a l  
h e l i c o p t e r  n o i s e  spectrum. This  conclus ion  i s  s imilar  t o  t h e  conclus ions  
obtained i n  prev ious  s t u d i e s  of t h e  n o i s e  generated by f i x e d  wing a i r c r a f t .  
This  n o i s e ,  r e f e r r e d  t o  as "airframe noise" ,  h a s  set  t h e  n o i s e  l i m i t  f o r  
such a i r c r a f t .  Based on t h e  r e s u l t s  of t h e  present  s tudy ,  a similar n o i s e  
l i m i t  e x i s t s  f o r  h e l i c o p t e r  r o t o r  broadband n o i s e .  
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Reductions in high frequency helicopter broadband noise have also been 
achieved by changing the rotor blade tip shape. The source mechanism,in 
this case,is not the attached boundary layer trailing edge noise investigated 
in the present study. Instead, the noise is generated by convection of the 
three dimensional tip vortex flow field over the blade trailing edge. George 
(ref. 50) provided an approximate model of the noise generated by this 
separated and highly turbulent flow field as it convects over an airfoil trail- 
ing edge. His predictions indicated that blade tip vortex noise can be 
comparable to trailing edge noise. This result explains the broadband 
noise reduction observed by some investigators after changing the airfoil 
tip shape. 

\ 
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CONCLUSIONS AND RECOMMENDATIONS 

A. F u l l - s c a l e  Rotor  Noise 

64  

A . l .  Extension of a v a l i d a t e d  i s o l a t e d  a i r f o i l  t r a i l i n g  edge n o i s e  s c a l i n g  
l a w  t o  t h e  r o t a t i n g  b l ade  case demonstrated t h a t  t r a i l i n g  edge n o i s e  from a 
f u l l - s c a l e  h e l i c o p t e r  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  t o t a l  broadband n o i s e  
spectrum a t  h igh  f r equenc ie s .  This  n o i s e  mechanism is expected t o  c o n t r o l  
t h e  minimum r o t o r  n o i s e  l e v e l .  

A . 2 .  The h e l i c o p t e r  r o t o r  t r a i l i n g  edge n o i s e  s c a l i n g  l a w  f o r  subsonic  t i p  
speeds w a s  v a l i d a t e d  u s i n g  two-dimensional i s o l a t e d  a i r f o i l  r e s u l t s  a t  f u l l -  
scale Reynolds numbers. Knowledge of  t h e  h e l i c o p t e r  a l t i t u d e ,  speed ,  a n g u l a r  
p o s i t i o n ,  r o t o r  t i p  speed ,  b l a d e  number, r o t o r  chord and span ,  and r o t o r  
boundary l a y e r  t h i c k n e s s  are t h e  on ly  parameters  r equ i r ed  i n  t h e  a n a l y s i s .  
Based on two-dimensional i s o l a t e d  a i r f o i l  r e s u l t s ,  h e l i c o p t e r  r o t o r  boundary 
l a y e r  t h i c k n e s s  can  be es t imated  us ing  a f l a t  p l a t e  t u r b u l e n t  boundary 
l a y e r  c a l c u l a t i o n .  This s i m p l i f i e s  t h e  f low f i e l d  d e t a i l s  needed as a n  
inpu t  t o  t h e  p r e d i c t i o n  procedure.  

A.3. A f i r s t  p r i n c i p l e  theo ry  f o r  t r a i l i n g  edge n o i s e  p r e d i c t s t h e  c o r r e c t  
a b s o l u t e  sound p r e s s u r e  l e v e l  bu t  does  not  p r e d i c t  t h e  S t r o u h a l  v a l u e  i d e n t i -  
f y i n g  t h e  spectrum peak. The b a s i c  n o i s e  model of a f r o z e n  p r e s s u r e  p a t t e r n  
convec t ing  p a s t  a t r a i l i n g  edge, however, a g r e e s  w i t h  t h e  a c o u s t i c  sou rce  
models developed by o t h e r  i n v e s t i g a t o r s .  D i f f e r e n c e s  between t h e o r y  and 
experiment are be l i eved  t o  be  due  t o  t h e  a i r f o i l  f l u c t u a t i n g  s u r f a c e  p r e s s u r e  
f i e l d  model used as an inpu t  t o  t h e  a n a l y s i s .  Accurate  p r e d i c t i o n s  r e q u i r e  
u s i n g  measured s u r f a c e  p r e s s u r e  d a t a  obta ined  n e a r  t h e  a i r f o i l  t r a i l i n g  edge. 

A . 4  Future  e f f o r t s  should be  d i r e c t e d  toward d e t a i l e d  a i r f o i l  s u r f a c e  p r e s s u r e  
measurements a t  Reynolds number r e p r e s e n t a t i v e  of f u l l  scale  h e l i c o p t e r  opera- 
t i n g  cond i t ions .  
d a t a  a t  h igh  Reynolds numbers c o l l a p s e  on to  a s i n g l e  nondimensional cu rve ,  
t h e n  t h i s  curve  can  be used as an  inpu t  t o  t h e  n o i s e  p r e d i c t i o n .  

I f  i t  can be  demonstrated t h a t  t h e  s u r f a c e  p r e s s u r e  s p e c t r a  

B. T r a i l i n g  Edge Noise From a Local Blade Segment 

B . l .  Based on two-dimensional a i r f o i l  r e s u l t s ,  t r a i l i n g  edge n o i s e  r a d i a t i o n  
p a t t e r n s  from a l o c a l  b l a d e  segment are w e l l  p r ed ic t ed  by t h e  theo ry  developed 
i n  t h e  p re sen t  s tudy .  D i r e c t i v i t y  p a t t e r n s  a re  independent of a n g l e  of a t t a c k  
and a c o u s t i c  sou rce  S t rouha l  number. 



B . 2 .  
independent of a n g l e  of a t t a c k  and a c o u s t i c  s o u r c e  S t r o u h a l  number. 

Noise dependence on l o c a l  s e c t i o n  Mach number varies as M5 and i s  

B . 3 .  Local r o t o r  b l a d e  a n g l e  of a t t a c k  i n f l u e n c e s  o n l y  t h e  low S t r o u h a l  
number p o r t i o n  of t h e  spectrum. I n c r e a s i n g  a n g l e  of a t t a c k  i n c r e a s e s  sound 
p r e s s u r e  leve l  by o n l y  a few d e c i b e l s  near  t h e  spectrum peak. The observed 
t r e n d  i s  explained by t h e  i n c r e a s e  i n  boundary l a y e r  t h i c k n e s s  on t h e  s u c t i o n  
s i d e  of t h e  a i r f o i l .  

B.4. T r a i l i n g  edge n o i s e  113 o c t a v e  band s p e c t r a  from a l o c a l  b l a d e  segment 
can be  approximated by a u n i v e r s a l  spectrum shape. A s c a l i n g  l a w  c a p a b l e  of 
p r e d i c t i n g  t h e  a b s o l u t e  spectrum l e v e l s  depends only  on Mach number, boundary 
l a y e r  t h i c k n e s s ,  and observer  l o c a t i o n .  

B.5. Boundary l a y e r  t h i c k n e s s  i n p u t  d a t a  t o  t h e  s c a l i n g  l a w  can be es t imated  
u s i n g  f l a t  p l a t e  t u r b u l e n t  boundary l a y e r  c a l c u l a t i o n s .  Such c a l c u l a t i o n s  
approximate t h e  average  v a l u e  of t h e  p r e s s u r e  s i d e  and s u c t i o n  s i d e  boundary 
l a y e r s .  The average v a l u e  c o n t r o l s  t h e  peak S t r o u h a l  number of t h e  u n i v e r s a l  
spectrum curve.  
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APPENDIX A 

D i r e c t i o n a l  Microphone System 

D i r e c t i o n a l  S e n s i t i v i t y  and S p a t i a l  Resolu t ion  - Although t h e  d i r e c t i o n a l  
microphone system is  most s e n s i t i v e  t o  sources  l o c a t e d  on i t s  aiming a x i s ,  i t  
does s e n s e  sources  a t  o f f  a x i s  d i r e c t i o n s  def ined  by t h e  a n g l e  +o i n  f i g u r e  1 2 .  
The response  of t h e  system t o  such o f f  a x i s  sources  i s  c o n t r o l l e d  by d i f f r a c -  
t i o n  a t  t h e  c i r c u l a r  a p e r t u r e  of t h e  r e f l e c t o r .  For t h e  p r e s e n t  geometry 
t h e  d i f f r a c t i o n  phenomenon i s  governed by t h e  nondimensional parameter 
TI = (nDfsin$o>/co where D i s  t h e  r e f l e c t o r  a p e r t u r e ,  f is  t h e  a c o u s t i c  f r e -  
quency, and co is  t h e  sound speed. Figure 40 shows t h e  measured normalized 
response  from t h e  f o c a l  p o i n t  microphone p l o t t e d  as a f u n c t i o n  of q .  The 
response  f u n c t i o n ,  H,  d e c r e a s e s  as Go i n c r e a s e s  demonstrat ing t h e  d e c r e a s e  
i n  s e n s i t i v i t y  t o  o f f - a x i s  a n g l e s .  This  response,  o f t e n  r e f e r r e d  t o  as t h e  
s p a t i a l  d i s c r i m i n a t i o n  c a p a b i l i t y ,  has  been shown t o  a g r e e  w i t h  t h e  Fraunhofer 
d i f f r a c t i o n  p a t t e r n  f o r  a c i r c u l a r  a p e r t u r e  system ( s e e  F i g .  40 ) .  Such 
agreement p e r m i t t e d  using a n  a n a l y t i c a l  express ion  f o r  t h e  response  f u n c t i o n  
i n  t h e  d a t a  r e d u c t i o n .  

F igure  40 demonstrates  t h a t  d i f f r a c t i o n  c a u s e s  t h e  system t o  have a f i n i t e  
s p a t i a l  r e s o l u t i o n  i n s t e a d  of t h e  i d e a l  d e l t a  f u n c t i o n  r e s o l u t i o n .  Thus, 
w h i l e  t h e  system i s  most s e n s i t i v e  t o  s o u r c e s  l o c a t e d  on i t s  aiming a x i s ,  i t  
does s e n s e  sources  a t  o f f  a x i s  d i r e c t i o n s .  The "sharpness" of t h e  r e s o l u t i o n ,  
however, i n c r e a s e s  w i t h  t h e  a c o u s t i c  f requency,  f ,  which appears  i n  t h e  numer- 
a t o r  of t h e  parameter ,  q .  Thus, f o r  a f i x e d  o f f - a x i s  source  p o s i t i o n  d e f i n e d  
by + o ,  t h e  response  H d e c r e a s e s  as f i n c r e a s e s .  

One parameter which q u a n t i f i e s  t h e  d i r e c t i o n a l  microphone frequency 
dependent s p a t i a l  d i s c r i m i n a t i o n  is t h e  d i f f r a c t i o n  p a t t e r n  half-width,  AW. 
The half-width,  def ined  as t h e  s p a t i a l  d i s t a n c e  between t h e  n e g a t i v e  3 dB 
p o i n t s  i n  t h e  d i f f r a c t i o n  p a t t e r n  of f i g u r e  40 corresponds t o  t h e  p o i n t s  
rl = - 1.66.  A 3 dB d e c r e a s e  i n  s e n s i t i v i t y  t o  o f f - a x i s  sources ,  t h e r e f o r e ,  
occurs  f o r  d i sp lacements  given by x = 1.66 coR/fD where x corresponds t o  t h e  
o f f - a x i s  d i s t a n c e  shown i n  f i g u r e  12.  has  been employed i n  
t h e  express ion  f o r  TI. The r e s o l v i n g  half-width i s  t h e n  AW = 2x = 3.32 coR/fD. 
This  r e s u l t  i s  shown i n  f i g u r e  41  i n  a d d i t i o n  t o  t h e  exper imenta l ly  determined 
v a l u e  f o r  a source  s i tuat .ed a t  a d i s t a n c e  of R = 2.81 m from t h e  r e f l e c t o r  
The good agreement between t h e o r y  and experiment confirms t h e  accuracy of t h e  
Fraunhofer d i f f r a c t i o n  p a t t e r n  d e s c r i p t i o n  f o r  t h e  r e f l e c t o r  s p a t i a l  d i scr imina-  
t i o n  c h a r a c t e r i s t i c s .  

+ 

Here s i n  Go 'L x/R 
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Gain - The d i r e c t i o n a l  microphone system a l s o  h a s  a s i g n i f i c a n t  g a i n .  A 
g a i n  e x i s t s  because t h e  l a r g e  c o l l e c t i n g  area of t h e  r e f l e c t o r  focuses  t h e  
sound o n t o  t h e  s m a l l  f o c a l  p o i n t  microphone. I n  a n  i d e a l  system without  d i f -  
f r a c t i o n  t h e  g a i n ,  G ,  depends on t h e  s o l i d  a n g l e  subtended by t h e  r e f l e c t o r  
and t h e  f o c a l  p o i n t  microphone so  t h a t  G = (D/d)2 where D = 1.067 m and 
d = 0.635 c m .  However, t h e  frequency dependent d i f f r a c t i o n  c h a r a c t e r i s t i c s  
smear o u t  t h e  f o c a l  p o i n t  image s o  t h a t  on ly  p a r t  of t h e  a c o u s t i c  energy 
i n c i d e n t  on t h e  r e f l e c t o r  i s  concent ra ted  on t h e  f o c a l  p o i n t  microphone. 

The d i r e c t i o n a l  microphone g a i n  i n ,  t h i s  case, can be  determined 
exper imenta l ly  ( r e f .  5 ) .  The sound p r e s s u r e  l eve l  generated by a poin t  
source  of  sound i s  measured w i t h  t h e  r e f l e c t o r  and w i t h  a n  omnidi rec t iona l  
microphone. Source- to- re f lec tor  and source- to-omnidirect ional  microphone 
d i s t a n c e s  are  i d e n t i c a l  d u r i n g  t h e  measurements. 
measurements r e p r e s e n t s  t h e  g a i n ,  G ,  

The r a t i o  of t h e s e  two 

-2 
- 

2 where pDM 
r e p r e s e n t s  t h e  o m n i d i r e c t i o n a l  microphone sound p r e s s u r e  level .  
measurement, which was repea ted  i n  t h e  p r e s e n t  s tudy  as a check on t h e  
d i r e c t i o n a l  microphone system, i s  shown i n  f i g u r e  4 1  f o r  two source  d i s t a n c e s  
corresponding t o  R = 2 . 8 1  m and 2.07 m. The l a r g e  g a i n  w a s  b e n e f i c i a l  a t  
h igh  f r e q u e n c i e s  because t u r b u l e n t  boundary l a y e r  n o i s e  d e c r e a s e s  r a p i d l y  
w i t h  i n c r e a s i n g  frequency. 

d e f i n e s  t h e  f o c a l  p o i n t  microphone sound p r e s s u r e  l e v e l  and po 
The g a i n  

The d i r e c t i o n a l  microphone g a i n  must be determined b e f o r e  a b s o l u t e  
source  l e v e l s  can be  c a l c u l a t e d .  A t  low f r e q u e n c i e s  t h e  g a i n  f u n c t i o n  can  
be  c a l c u l a t e d  e x p l i c i t l y  ( r e f .  5 )  based on t h e  Fraunhofer d i f f r a c t i o n  theory  
g i v i n g  t h e  r e s u l t  

which i s  p l o t t e d  i n  f i g u r e  41. 
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D i f f e r e n c e s  between t h e  measured and t h e o r e t i c a l  g a i n s  a t  high f r e q u e n c i e s  
i n  f i g u r e  4 1  a re  a t t r i b u t e d  t o  s p h e r i c a l  a b e r r a t i o n s  a t  t h e  f o c a l  p o i n t  
microphone. These c h a r a c t e r i s t i c s  a re  no t  included i n  t h e  a n a l y t i c a l  c a l c u l a -  
t i o n s  of t h e  g a i n .  Thus, t h e  exper imenta l ly  determined g a i n  was used a t  h igh  
f r e q u e n c i e s  f o r  a l l  d a t a  reduct ion .  
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APPENDIX B 

Forward F l i g h t  E f f e c t s  

Shear Layer R e f r a c t i o n  - A s  shown i n  f i g u r e  13, r e f r a c t i o n  changes both  
t h e  a c o u s t i c  r a y  p a t h  as w e l l  as t h e  p a t h  l e n g t h  of t h e  sound waves a r r i v i n g  
a t  a microphone s t a t i o n  o u t s i d e  t h e  flow. I n  a d d i t i o n ,  t ransmiss ion  of sound 
a c r o s s  t h e  open j e t  s h e a r  l a y e r  changes ehe divergence ra te  of t h e  a c o u s t i c  
r a y  tubes .  These l a t t e r  changes i n  p a t h  l e n g t h  and d ivergence  ra te  r e q u i r e  
c o r r e c t i n g  t h e  measured sound p r e s s u r e  l e v e l s .  

The d e t a i l e d  a n a l y t i c a l  s tudy  and experimental  v e r i f i c a t i o n  by Schl inker  
and Amiet ( r e f .  47) formed t h e  b a s i s  of t h e  c o r r e c t i o n s  a p p l i e d  t o  t h e  p r e s e n t  
d a t a .  The c o r r e c t i o n s  were used t o  conver t  measurements a t  t h e  o b s e r v e r  
s t a t i o n  (0 ) ,  i n  f i g u r e  1 3 ,  t o  t h e  c o n s t a n t  s i d e l i n e  s t a t i o n  (D)  on t h e  non- 
r e f r a c t e d  path.  The c o r r e c t e d  sound p r e s s u r e  l e v e l  r e p r e s e n t s  an e q u i v a l e n t  
measurement i n  t h e  absence of t h e  s h e a r  l a y e r .  I n  o t h e r  words, t h e  s h e a r  
l a y e r  i s  considered t o  be  l o c a t e d  a t  i n f i n i t y  w i t h  uniform flow e x i s t i n g  
between t h e  source  and t h e  f a r  f i e l d  microphone a t  s t a t i o n  D. A s  concluded 
i n  t h e  s tudy  of Sct i l inker  and Amiet, t h e  f i n i t e  t h i c k n e s s  s h e a r  l a y e r  can be  
rep laced  by a n  i d e a l i z e d  v o r t e x  s h e e t .  S p e c i f i c  d e t a i l s  of t h e  s h e a r  l a y e r  
mean v e l o c i t y  p r o f i l e  are, t h e r e f o r e ,  n o t  needed. 

An example of t h e  magnitude of t h e  a n g l e  and ampli tude changes i s  g iven  
i n  f i g u r e  42 f o r  a n  open j e t  Mach number o f  M = 0.5, corresponding t o  one of 
t h e  o p e r a t i n g  c o n d i t i o n s  t e s t e d  i n  t h e  p r e s e n t  s tudy .  The d i s t a n c e  t o  t h e  
s i d e l i n e  microphone measurement s t a t i o n  is g iven  by h/yl = 0.14 where h 
r e p r e s e n t s  t h e  source-to-shear l a y e r  d i s t a n c e  and y1 i s  t h e  s i d e l i n e  d i s t a n c e  
i n  f i g u r e  13. A s  shown by f i g u r e  42 , sound i n i t i a l l y  propagat ing a t  
8, = 80" i n s i d e  t h e  open j e t  i s  r e f r a c t e d  t o  8, = 113' o u t s i d e  t h e  airstream. 
Also, t h e  sound p r e s s u r e  l e v e l  measured on t h e  r e s u l t i n g  r e f r a c t e d  p a t h  a t  
s t a t i o n  0 i n  f i g u r e  13 should be  increased  by 4 dB according t o  f i g u r e  42. 
Note t h a t  t h e  ampli tude c o r r e c t i o n  is always added t o  t h e  measured d a t a .  

Apparent Source Locat ion - The above descr ibed  r e f r a c t i o n  a n g l e  changes 
c o n t r o l  t h e  propagat ion  of  a s i n g l e  r a y  through t h e  s h e a r  l a y e r  and a r r i v i n g  
a t  t h e  f a r  f i e l d  microphone s t a t i o n  (0) i n  f i g u r e  13. I n  c o n t r a s t ,  t h e  
d i r e c t i o n a l  microphone system senses  r e f r a c t e d  a c o u s t i c  r a y s  propagat ing 
w i t h i n  t h e  angle ,  de t ,  as shown i n  f i g u r e  1 4 ( a ) .  Transmitted r a y s ,  A and B,  
each of which are  r e f r a c t e d  d i f f e r e n t l y ,  d e f i n e  t h e  a n g l e ,  det ,  i n  t h e  hor i -  
z o n t a l  p lane .  S ince  t h e  d i r e c t i o n a l  microphone system s e n s e s  only  t h e  
r e f r a c t e d  r a y s  o u t s i d e  t h e  flow, it must b e  focused on t h e  "apparent" source  
l o c a t i o n  d e f i n e d  by r a y s  A and B. The i n t e r s e c t i o n  of t h e s e  r a y s  i n s i d e  t h e  
f low c o n t r o l s  t h i s  apparent  source  l o c a t i o n  SH, i n  f i g u r e  1 4 ( a ) .  
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P o s i t i o n  S w a s  determined a n a l y t i c a l l y  us ing  t h e  r e f r a c t i o n  a n g l e  H 
c o r r e c t i o n  c o n t r o l l i n g  r a y s  A and B.  (See Appendix C f o r  a d e t a i l e d  evalua- 
t i o n . )  For each Mach number, M, and d i r e c t i v i t y  ang le ,  B C ,  a unique 
apparent  source  p o s i t i o n  was c a l c u l a t e d .  A s  shown by t h e  a n a l y t i c a l  d e r i v a -  
t i o n ,  t h e  apparent  source  l o c a t i o n  i s  independent of t h e  d i s t a n c e  t o  t h e  re- 
f l e c t o r  s u r f a c e .  

Once t h e  apparent  source  l o c a t i o n  w a s  c a l c u l a t e d ,  t h e  s i d e l i n e  d i s t a n c e ,  
yl, f o r  t h e  d i r e c t i o n a l  microphone t r a v e r s e  could be s e l e c t e d .  This  d i s t a n c e  
w a s  c o n t r o l l e d  by t h e  apparent  source- to- re f lec tor  d i s t a n c e ,  R ,  i n  f i g u r e  1 2 .  
S i n c e  d e t a i l e d  c a l i b r a t i o n s  of t h e  d i r e c t i o n a l  microphone s p a t i a l  r e s o l u t i o n  
and g a i n  were o n l y  a v a i l a b l e  f o r  two s p e c i f i c  v a l u e s  of R,  t h e  v a l u e  of y1 
w a s  s e l e c t e d  t o  provide  a d i s t a n c e  of  R = 2.07 m o r  2.81 m between t h e  
r e f l e c t o r  and t h e  apparent  source  p o s i t i o n .  Reca l l  t h a t  t h e  v a l u e  of R con- 
t r o l l e d  t h e  f o c a l  p o i n t  microphone l o c a t i o n  ri, i n  f i g u r e  12 .  

A s  shown by f i g u r e  1 4 ( a ) ,  t h e  d i r e c t i o n a l  microphone s e n s e s  sound w i t h i n  
a s o l i d  a n g l e .  I n  t h e  h o r i z o n t a l  p lane ,  r a y s  A and B ( f i g .  1 4 ( a ) )  d e s c r i b e  
t h e  l i m i t s  of t h i s  s o l i d  a n g l e  i n  a d d i t i o n  t o  determining t h e  apparent  source  
p o s i t i o n .  I n  t h e  v e r t i c a l  p lane  ( f i g .  1 4 ( b ) )  r a y s  C and D define similar 
limits of t h e  s o l i d  a n g l e .  According t o  t h e  arguments p r e v i o u s l y  presented ,  
t h e  d i r e c t i o n a l  microphone system must b e  focused on t h e  a p p a r e n t  source  
p o s i t i o n  def ined  by t h e  i n t e r s e c t i o n  of r a y s  C and D i n s i d e  t h e  f low.  These 
r a y s  exper ience  i d e n t i c a l  r e f r a c t i o n  a n g l e  changes i n  t h e  ve r t i ca l  p l a n e  
i n  c o n t r a s t  t o  t h e  h o r i z o n t a l  p lane  where r a y s  A and B are  r e f r a c t e d  d i f f e r -  
e n t l y  as t h e y  propagate  through t h e  s h e a r  l a y e r .  Thus, t r a c i n g  r a y s  C and D 
back i n t o  t h e  f l o w f i e l d  r e s u l t e d  i n  a d i f f e r e n t  apparent  source  p o s i t i o n  i n  
t h e  v e r t i c a l  p lane  when compared t o  t h e  h o r i z o n t a l  p lane .  Details of t h e  
a n a l y s i s  used t o  p r e d i c t  t h e  apparent  source  p o s i t i o n ,  Sv (see f i g .  1 4 ( b ) )  
i n  t h e  v e r t i c a l  p lane  a r e  included i n  Appendix C. 

Both S and S are s i t u a t e d  on t h e  r e f l e c t o r  c e n t e r l i n e  b u t  a t  d i f f e r e n t  
H V d i s t a n c e s  from t h e  open j e t  s h e a r  l a y e r .  

s i t u a t e d  a t  a d i s t a n c e ,  a ,  from t h e  shear  l a y e r  whi le  f i g u r e  14 (b )  i n d i c a t e s  
t h a t  Sv is  l o c a t e d  a t  a d i s t a n c e  of  bl. The s i g n i f i c a n c e  of t h e s e  d i f f e r e n t  
apparent  source  l o c a t i o n s  i s  b e s t  demonstrated by a numerical  example. For 
M = 0.5 and BC = 50°, t h e  d i r e c t  d i s t a n c e  between SH and Sv is 1 6  cm.  

F igure  1 4 ( a )  shows t h a t  SH i s  

The a b i l i t y  t o  s e n s e  t h e  a c o u s t i c  r a d i a t i o n  from t h e s e  d i f f e r e n t  source  
r e g i o n s  depends on t h e  d i r e c t i o n a l  microphone depth  of f i e l d .  
shown i n  f i g u r e  4 3  r e p r e s e n t s  t h e  frequency dependent d e c r e a s e  i n  t h e  
measured d i r e c t i o n a l  microphone o u t p u t  as a source  i s  moved c l o s e r  o r  f u r t h e r  
from t h e  r e f l e c t o r .  In each case t h e  f o c a l  p o i n t  microphone d i s t a n c e ,  ri, i s  
f i x e d  by t h e  d i s t a n c e  R shown i n  f i g u r e  12 .  Consequently, source  p o s i t i o n  
v a r i a t i o n s  about  R, r e p r e s e n t e d  by R 2 A ,  r e s u l t  i n  a d e c r e a s e  i n  t h e  measured 
response.  

This  parameter,  



The d i f f e r e n t  source  l o c a t i o n s  g iven  by SH and S r e p r e s e n t  t h e  extremes V 
of t h e  apparent  sou rce  p o s i t i o n  i n  t h e  open j e t .  I d e a l l y ,  t h e  d i r e c t i o n a l  
microphone should have a l a r g e  depth of f i e l d  t o  sense  t h e  d i s t r i b u t e d  
apparent  sou rce  r eg ion .  Oddly, t h i s  c o n t r a d i c t s  t h e  u s u a l  requirement f o r  
sha rp  s p a t i a l  r e s o l u t i o n  demanded of d i r e c t i o n a l  microphone systems. 

The f i n a l  c r i t e r i a  s e l e c t e d  f o r  focus ing  t h e  d i r e c t i o n a l  microphone sys -  
t e m  on t h e  appa ren t  t r a i l i n g  edge n o i s e  sou rce  r eg ion  was based on t h e  d i s t a n c e  
t o  t h e  midpoint between Sv and SH. 
t ance ,  yl, w a s  s e l e c t e d  t o  provide  %ID = R. 
cor responding  t o  t h e  two d i s t a n c e s  f o r  which d e t a i l e d  depth  of f i e l d  c a l i b r a -  
t i o n s  were a v a i l a b l e .  Most important of a l l ,  w i th  t h e  s y s t e m  focused on 
%ID, t h e  dec rease  i n  t h e  system ou tpu t  due t o  t h e  sou rce  a t  RMID f A R / 2 ,  
where AR r e p r e s e n t s  t h e  d i s t a n c e  between SH and Sv, could n o t  exceed 0.5 dB. 
This  t i g h t  t o l e r a n c e  a s su red  t h a t  t h e  apparent  sou rce  r eg ion  w a s  d e f i n i t e l y  
w i t h i n  t h e  r e f l e c t o r  depth  of f i e l d .  All d a t a  r e p o r t e d  i n  t h e  p r e s e n t  s tudy  
s a t i s f i e d  t h i s  cond i t ion .  

A s  shown i n  f i g u r e  4 4 ,  t h e  s i d e l i n e  d i s -  
Here R = 2.81 m o r  2.07 m 

It should be  noted  t h a t  as  t h e  measurement a n g l e ,  Bc, approached t h e  open 
j e t  a x i s ,  t h e  d i s t a n c e  between SH and Sv inc reased  t o  t h e  p o i n t  where t h e  
dep th  of f i e l d  w a s  i n s u f f i c i e n t  f o r  s ens ing  t h e  e n t i r e  sou rce  r e g i o n  a t  h igh  
Mach numbers. Th i s  s i t u a t i o n  w a s  considered unacceptab le  and measurements a t  
such  c o n d i t i o n s  were n o t  conducted a t  h igh  Mach numbers f o r  a n g l e s  c l o s e  t o  t h e  
open j e t  axis.  Other i n v e s t i g a t o r s  should be  aware of t h i s  l i m i t a t i o n  when 
us ing  a d i r e c t i o n a l  microphone t o  i n v e s t i g a t e  a c o u s t i c  sou rce  d i s t r i b u t i o n s  
a t  h igh  Mach numbers i n  an open j e t  t e s t  s e c t i o n .  

S c a t t e r i n g  E f f e c t  on D i r e c t i o n a l  Microphone Measurements - The d i r e c t i o n a l  
microphone s p a t i a l  r e s o l u t i o n  and ga in  c h a r a c t e r i s t i c s  shown i n  f i g u r e s  40 and 
4 1  apply  only  i n  t h e  absence of flow between t h e  a c o u s t i c  sou rce  and t h e  d i r e c -  
t i o n a l  microphone system. In r e a l i t y ,  t h e  d i r e c t i o n a l  microphone, s i t u a t e d  
outside t h e  flow, c o l l e c t s  t h e  sound t r a n s m i t t e d  through t h e  t u r b u l e n t  shea r  
l a y e r .  Turbulen t  e d d i e s  i n  t h e  shea r  l a y e r  can s p a t i a l l y  s c a t t e r  t h e  sound 
s u f f i c i e n t l y  t o  reduce  t h e  measured a c o u s t i c  source  s t r e n g t h  and broaden t h e  
sou rce  d i s t r i b u t i o n  p a t t e r n .  For example, i f  t h e  d i r e c t i o n a l  microphone 
were scanned p a s t  an i d e a l  p o i n t  sou rce  of sound i n s i d e  t h e  open j e t  t h e  

would be broadened. These changes must be accounted f o r  s i n c e  t h e  d a t a  
r e d u c t i o n  procedure i n c l u d e s  t h e  d i r e c t i o n a l  microphone ga in  and s p a t i a l  
r e s o l u t i o n  c h a r a c t e r i s t i c s .  A summary of t h e  e f f e c t s  of s c a t t e r i n g  on t h e  
measured sound p r e s s u r e  l e v e l s  i s  provided he re .  

apparent"  ga in  of t h e  system would be reduced wh i l e  t h e  d i f f r a c t i o n  p a t t e r n  I 1  

To h e l p  understand t h e  s c a t t e r i n g  e f f e c t  on t h e  measured d i r e c t i o n a l  
microphone sound p r e s s u r e  l e v e l s ,  t h e  fo l lowing  t e n t a t i v e  p h y s i c a l  explana- 
t i o n  i s  p resen ted .  The argument is  based on a p o i n t  sou rce  of sound s i t u a t e d  
i n  t h e  open j e t  p o t e n t i a l  c o r e .  I n i t i a l l y ,  a wavefront o r i g i n a t i n g  from t h e  
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a c o u s t i c  sou rce  has  a smooth s p h e r i c a l  shape as shown i n  f i g u r e  45. While 
pass ing  through t h e  shea r  l a y e r  l o c a l  s c a t t e r i n g  by t h e  tu rbu lence  s t r u c t u r e  
r e o r i e n t s  small segments of t h e  a c o u s t i c  wavefront.  The a n g l e  between t h e  
normal t o  each wavefront segment and t h e  r e f l e c t o r  a x i s  i s  no longe r  ze ro .  
Thus, t h e  wavefront segment a r r i v i n g  a t  t h e  r e f l e c t o r  appea r s  t o  o r i g i n a t e  
from an o f f - a x i s  source .  S ince  t h e  response  t o  o f f - a x i s  sou rces  i s  d iminished ,  
t h e  d i r e c t i o n a l  microphone o u t p u t  i s  decreased. I n  t h i s  manner, t h e  e f f e c t i v e  
g a i n  of t h e  system i s  reduced. A t  t h e  same t i m e ,  t h e  d i f f r a c t i o n  p a t t e r n  
f o r  t h e  p o i n t  sou rce  i s  broadened g iv ing  t h e  appearance of a d i s t r i b u t e d  
a c o u s t i c  source  r e g i o n  i n s t e a d  of a p o i n t  sou rce  i n s i d e  t h e  open j e t .  
i s  similar t o  t h e  appearance of a l i g h t  observed through f r o s t e d  g l a s s .  
The s i z e  of t h e  l i g h t  appea r s  t o  be much l a r g e r .  

T h i s .  

The e f f e c t s  can  be demonstrated q u a n t i t a t i v e l y  us ing  t h e  sou rce  d i s t r i -  
b u t i o n  measurements shown i n  f i g u r e  4 6 .  The experiment w a s  conducted du r ing  
t h e  present  s tudy  w i t h  t h e  a i d  of a p o i n t  sou rce  of sound l o c a t e d  i n s i d e  t h e  
open j e t  tes t  s e c t i o n .  I n  each c a s e  t h e  d i r e c t i o n a l  microphone w a s  scanned 
p a s t  t h e  sou rce  provid ing  113  oc tave  band source  d i s t r i b u t i o n  cu rves  l i k e  
t h o s e  shown f o r  1 0  kHz and 40 kHz. The a b s c i s s a  i n  each f i g u r e  represents 
t h e  r a t i o  of t h e  d i r e c t i o n a l  microphone sound pressure  l e v e l  t o  the o m n i -  
d i r e c t i o n a l  sound p r e s s u r e  l e v e l .  The l a t t e r  microphone was p laced  a t  t h e  
d i r e c t i o n a l  microphone s t a t i o n  corresponding t o  t h e  peak i n  t h e  measured 
a c o u s t i c  sou rce  d i s t r i b u t i o n .  Apparent sou rce - to - r e f l ec to r  and appa ren t  
souce-to-omnidirectional microphone d i s t a n c e s  were i d e n t i c a l .  The r a t i o  
of t h e  sound p r e s s u r e  l e v e l  measurements a t  t h e  source  d i s t r i b u t i o n  peak 
r ep resen ted  t h e  d i r e c t i o n a l  microphone g a i n  de f ined  ear l ier .  

A t  M = 0, scanning t h e  d i r e c t i o n a l  microphone p a s t  t h e  a c o u s t i c  sou rce  
provided t h e  expected p o i n t  source  d i f f r a c t i o n  p a t t e r n  and system g a i n .  Th i s  
i s  v e r i f i e d  by comparing t h e  measured half-width,  AW i n  f i g u r e  46, w i th  t h e  
t h e o r e t i c a l  v a l u e  i n  f i g u r e  4 1  a t  t h e  corresponding frequency. Also, a 
comparison of t h e  g a i n  r ep resen ted  by t h e  peak v a l u e s  i n  f i g u r e  46 shows 
agreement w i t h  t h e  p rev ious ly  measured v a l u e s  desc r ibed  i n  f i g u r e  41. 

A s  t h e  open j e t  Mach number inc reased  t h e  peak ampl i tudes  i n  f i g u r e  4 6  
decreased  wh i l e  t h e  sou rce  d i s t r i b u t i o n  became broader.  These changes were 
more pronounced a t  t h e  h ighe r  frequency of 40 kHz s i n c e  t h e  a c o u s t i c  wave- 
l e n g t h  was then  comparable t o  t h e  t u r b u l e n t  eddy s i z e ,  Turbulence scatter- 
ing  of sound has been shown t o  be  s t r o n g e r  under t h i s  c o n d i t i o n  ( r e f .  47) .  

The above desc r ibed  changes,  r ep resen ted  by t h e  parameters  AMP and AW, 
were monitored over  t h e  range  of 113  oc tave  band c e n t e r  f r e q u e n c i e s  from 
1.25 kHz t o  50 kHz. Measurements were conducted u s i n g  t h e  p o i n t  sou rce  of 
sound a t  each Mach number and d i r e c t i v i t y  a n g l e  i n v e s t i g a t e d  i n  t h e  a i r f o i l  
t r a i l i n g  edge n o i s e  s tudy .  A s  an example, t h e  f i n a l  e f f e c t i v e  g a i n ,  Ge, 
a p p l i e d  t o  t h e  r e f l e c t o r  measurements obta ined  a t  M = 0.5 and 8, = 90" i s  
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given by f i g u r e  4 7 .  
R = 2.07  m ,  is  obta ined  from t h e  corresponding peak value i n  f i g u r e  4 6 .  
Also shown i s  t h e  d i f f r a c t i o n  p a t t e r n  half-width f u n c t i o n ,  AW, which i n c r e a s e s  
as frequency i n c r e a s e s .  These measured v a l u e s  obta ined  i n  t h e  presence  of 
f low,  can be compared w i t h  t h e  M = 0 measurements i n  f i g u r e  41 .  The d i f f e r e n c e  
i n  t h e  d i r e c t i o n a l  microphone response demonstrates  why s c a t t e r i n g  e f f e c t s  
must be  accounted f o r .  
sound p r e s s u r e  levels  can be  c a l c u l a t e d  from t h e  d i r e c t i o n a l  microphone 
measurements. 

Here t h e  v a l u e  of Ge a t  f = 1 0  kHz, M = 0.5,  and 

Knowing t h e  e f f e c t i v e  g a i n ,  Ge ,  t r a i l i n g  edge n o i s e  
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APPENDIX C 

Apparent Source P o s i t i o n  Beneath Shear  Layer 

Because of t h e  a n g l e  change of a sound ray  as i t  passes  through t h e  
shea r  l a y e r ,  t h e  apparent  p o s i t i o n  of a sound source ,  from an  a c o u s t i c a l  
s t andpo in t ,  i s  no t  t h e  same as i t s  t r u e  source  p o s i t i o n .  The apparent  sou rce  
p o s i t i o n  can be  r e a d i l y  c a l c u l a t e d .  

Consider r ays  i n  t h e  p l a n e  de f ined  by the  v e c t o r  normal t o  t h e  two-dimen- 
s i o n a l  s h e a r  l a y e r  and t h e  f low v e c t o r  and d e f i n e  t h i s  t o  be  t h e  xy p l ane  ( s e e  
f i g .  4 8 ( a ) ) .  The ac tua l  source  p o s i t i o n  i s  S and t h e  a p p a r e n t  source  p o s i t i o n  
i s  SH. The fo l lowing  geomet r i ca l  r e l a t i o n s h i p s  fo l low immediately: 

s = h/sin 0, (C.1) 

d l  = sd8,/sin 9, 

Thus , 

dB hd 8, /sin2 8, 

Likewise,  i n  terms of et  r a t h e r  than  8 
C 

dB = od8,/sin2Bt 

Combining e q u a t i o n s  (C.3) and (C.4) 

sin2 8, de, 
a = h -  - 

sin28c de, 

Equation (1) of Amiet ( r e f .  34) i s  

tan ec = [ , / ( p 2 c o s  e, + M )  

Taking t h e  d e r i v a t i v e  g ives  

de, sine, 
sin2 eC - -  - -  

dot c: 

(C. 3)  

(C. 4) 

(C.5) 
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which combined w i t h  equat ion  ( C . 5 )  g i v e s  f i n a l l y  

For 8, = 90°,  t h e  ac tua l  and apparent  s o u r c e  p o s i t i o n s  w i l l  c o i n c i d e ,  b u t  a t  
o t h e r  angles  they w i l l  d i f f e r .  

An apparent  source  p o s i t i o n  can a l s o  b e  c a l c u l a t e d  based on t h e  r ay  p a t h s  
i n  o t h e r  p lanes .  I n  p a r t i c u l a r ,  cons ider  a p lane  perpendicular  t o  t h e  above 
p lane  and containi,ng a ray i n  t h e  xy p l a n e  a f t e r  r e f r a c t i o n  by t h e  s h e a r  l a y e r .  
Thus, t h e  p lane  makes an a n g l e  Bt with  t h e  s h e a r  l a y e r .  T h i s  p lane  i s  shown 
i n  f i g u r e  48(b) which i s  b a s i c a l l y  t h e  same a s  f i g u r e  11 of  r e f e r e n c e  53. The 
a c t u a l  s o u r c e  p o s i t i o n  i s  no t  shown, b u t  i s  aga in  taken  t o  b e  a d i s t a n c e  h 
i n s i d e  t h e  s h e a r  l a y e r .  

I f  dzl i s  t h e  r ay  tube wid th  j u s t  a t  t h e  s h e a r  l a y e r  and dz2 i s  t h e  width 
a t  a d i s t a n c e  of y1 from t h e  source ,  then  equat ion  (A.19) of r e f e r e n c e  5 3  g i v e s  

From t h e  geometry of f i g u r e s  14 (b )  and 48(b) 

S u b s t i t u t i o n  f o r  dz2/dz f r o m  e q u a t i o n  (C.9)  gives 
1 

t, = h/{, 

( c .  l o )  

( C .  11) 

However, t i s  n o t  t h e  d i s t a n c e  measured normal t o  t h e  s h e a r  l a y e r  ( f i g .  (14b)) 
s i n c e  t h e  p lane  considered makes an angle  B t  wi th  t h e  s h e a r  l a y e r .  
t a n c e  b l  normal t o  t h e  s h e a r  l a y e r  i s  

1 
The d i s -  

sin 8, 
b, = t, sin 8, = h - 

5 ,  
(C.12) 

Again, f o r  8, = 9 0 ° ,  b = h ,  b u t  i n  g e n e r a l  bl # h .  Note t h a t  f o r  8, # 9 0 ° ,  
from equat ions  ( C . 8 )  and (C.12), a # bl s o  t h a t  t h e  apparent  source  p o s i t i o n  
depends on which p lane  i s  be ing  considered.  

1 
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APPENDIX D 

Boundary Layer Thickness 

Boundary Layer Thickness  Calcu la ted  f o r  t h e  Study of Sch l inke r  ( r e f .  5 )  - 
For t h e  NACA 0012 symmetric a i r f o i l  (22.9 cm chord) measurements r epor t ed  by 
Sch l inke r ,  t h e  boundary l a y e r  t h i ckness  w a s  e s t ima ted  us ing  t h e  f l a t  p l a t e  
boundary l a y e r  theory .  It  should be  noted t h a t  a boundary l a y e r  t r i p  w a s  
needed only on the p r e s s u r e  s u r f a c e  of t h e  a i r f o i l  t o  e l i m i n a t e  d i s c r e t e  vor- 
t e x  shedding tones  when t h e  a i r f o i l  w a s  a t  ang le  of a t t a c k .  The t r i p  w a s  
l oca t ed  a t  t h e  30 pe rcen t  chord s t a t i o n ,  I n  c o n t r a s t ,  n a t u r a l  t r a n s i t i o n  w a s  
permi t ted  t o  occur  on t h e  s u c t i o n  s i d e  of t h e  a i r f o i l .  Based on t h e  exper i -  
mental  d a t a  t r a n s i t i o n  on t h e  s u c t i o n  s u r f a c e  occurs  a t  x / c  = 0.05 when the 
a i r f o i l  ope ra t e s  a t  a = 6" ang le  of a t t a c k .  A knowledge of t h e  t r a n s i t i o n  
l o c a t i o n  on each s u r f a c e  w a s  t hen  used i n  t h e  f l a t  p l a t e  p r e d i c t i o n  f o r  6 .  
The cumulat ive l eng th  over  which t h e  boundary l a y e r  developed corresponded t o  
t h e  d i s t a n c e  f r o m  the  i n d i v i d u a l  t r a n s i t i o n  p o i n t s  t o  the a i r f o i l  t r a i l i n g  
edge. Con t r ibu t ions  from t h e  upstream laminar  boundary l a y e r  were assumed 
n e g l i g i b l e .  The f i n a l  v a l u e  of 6 l i s t e d  i n  Table  I11 r e p r e s e n t s  t h e  average  
of t h e  p r e s s u r e  and s u c t i o n  s i d e  boundary l a y e r s  e s t ima ted  f o r  t h e  s tudy  i n  
r e f e r e n c e  5. The c r e d i b i l i t y  of such average va lue  p r e d i c t i o n s  was demon- 
s t r a t e d  by t h e  c l o s e  agreement between f l a t  p l a t e  p r e d i c t i o n s  and measurements 
ob ta ined  i n  t h e  p r e s e n t  s tudy  f o r  an  a i r f o i l  a t  small ang le s  of a t t a c k  ( f i g .  
19 ) .  Included i n  Table I11 are t h e  a i r f o i l  geometr ic  parameters .  

A check on t h e  a b i l i t y  t o  p r e d i c t  6 us ing  t h e  f l a t  p l a t e  boundary l a y e r  
theory  i s  obta ined  by comparison w i t h  t h e  NACA 0012 measurements r epor t ed  by 
von Doenhoff ( r e f .  51) .  Logari thmic p l o t s  of t h e  boundary l a y e r  v e l o c i t y  pro- 
f i l e s  were obta ined  f o r  a = 0" wi th  n a t u r a l  t r a n s i t i o n  occur r ing  i n  t h e  
boundary l a y e r .  Consider ing t h e  R e  = 2.67 x l o 6  case  shown i n  f i g u r e  19 of 
r e f e r e n c e  50, s k i n  f r i c t i o n  measurements i n d i c a t e d  t h a t  t r a n s i t i o n  occurred 
a t  approximately 50 percent  chord when a = 0" .  C a l c u l a t i n g  t h e  equ iva len t  
f l a t  p l a t e  t u rbu len t  boundary l a y e r  which s tar ts  developing a t  t h i s  s t a t i o n  
g ives  6 / c  = 0.022 a t  the a i r f o i l  t r a i l i n g  edge. I n  comparison, t h e  measure- 
ments of von Doenhoff i n d i c a t e  t h a t  t h e  v e l o c i t y  p r o f i l e  a t  97 pe rcen t  chord 
a sympto t i ca l ly  approaches u n i t y  n e a r  y / c  = 0.02. Thus, t h e  c a l c u l a t e d  f l a t  
p l a t e  r e s u l t  i s  i n  good agreement wi th  t h e  exper imenta l  r e su l t .  I n  a d d i t i o n ,  
r e f e r e n c e  50 shows t h a t  a t  t h e  52 p e r c e n t  chord s t a t i o n  6 / c  = 0.0025 v e r i f y i n g  
t h a t  t h e  laminar  boundary l a y e r  upstream of t h e  t r a n s i t i o n  p o i n t  represented  
on ly  10 pe rcen t  of t h e  f i n a l  t r a i l i n g  edge boundary layer  th i ckness .  

Boundary Layer Thickness Calcu la ted  f o r  t h e  Study of Brooks and Hodgson 
( r e f .  10 )  - The t r a i l i n g  edge t u r b u l e n t  boundary l a y e r  t h i ckness  f o r  t h e  

NACA 0012 a i r f o i l  (60.96 cm) chord was c a l c u l a t e d  us ing  t h e  f l a t  p l a t e  boundary 
l a y e r  theory .  
t h e  s tudy  of Sch l inke r  ( r e f .  5 ) .  S ince  a boundary l a y e r  t r i p  was app l i ed  a t  

The approach was s imi l a r  t o  t h a t  used i n  c a l c u l a t i n g  6 / c  f o r  
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t h e  15 percent  chord s t a t i o n  i n  t h e  s tudy  by Brooks and Hodgson, t h e  c a l c u l a t i o n  
was i n i t i a t e d  a t  t h i s  s t a t i o n .  

Table I V  g i v e s  t h e  c a l c u l a t e d  v a l u e  of 6/c  i n  a d d i t i o n  t o  t h e  parameters  
d e s c r i b i n g  t h e  a i r f o i l .  The v a l u e  of 6 / c  = 0.0166 r e p r e s e n t s  t h e  average of 
t h e  p r e s s u r e  s i d e  and s u c t i o n  s i d e  boundary l a y e r  t h i c k n e s s  v a l u e s .  

I t  i s  worthwhile t o  compare t h e  measured va lues  of displacement  t h i c k n e s s ,  
6 / c y  r e p o r t e d  by Brooks and Hodgson wi th  t h e  v a l u e  of 6 /c  c a l c u l a t e d  h e r e .  
This  comparison w i l l  b e  needed i n  a f u t u r e  d i s c u s s i o n  of t h e  S t r o u h a l  va lue  
a s s o c i a t e d  w i t h  t h e  spectrum peak repor ted  i n  r e f e r e n c e  10. 
s i o n  w i l l  apply t o  t h e  6 / c  d a t a  repor ted  f o r  t h e  a = 0" angle-of-at tack 
geometry. 
Hodgson. 

* 

The p r e s e n t  d i scus-  * 
Data f o r  t h e  a = 5" a n g l e  of a t t a c k  w a s  n o t  provided by Brooks and 

* For t h e  range of Mach numbers i n v e s t i g a t e d  a t  cx = 0" ,  6 / c  w a s  approxi- 
mately cons tan t  and e q u a l  t o  0.0065 i n  r e f e r e n c e  10. Then 616" 2 2 based on 
t h e  va lue  of 6 / c  c a l c u l a t e d  above. This  r a t i o  i s  d i f f e r e n t  from t h e  t y p i c a l  
v a l u e  of 6 / 6 *  = 8 measured i n  a two-dimensional f l a t  p l a t e  boundary l a y e r  
theory.  One p o s s i b l e  explana t ion  could b e  t h e  b a s i c  d i f f e r e n c e  between t h e  
f l a t  p l a t e  geometry used t o  c a l c u l a t e  6/c and t h e  a i r f o i l  geometry f o r  which 
6 / c  w a s  measured. T h i s ,  however, would imply t h a t  t h e  f l a t  p l a t e  boundary 
l a y e r  c a l c u l a t i o n  f o r  6/c i s  i n  e r r o r  by a f a c t o r  of approximately f o u r .  Yet, 
measurements ob ta ined  by von Doenhoff ( r e f .  52) showed good agreement w i t h  t h e  
f l a t  p l a t e  c a l c u l a t i o n  f o r  6/c  a t  a = 0" as noted i n  t h e  previous subsec t ion .  
Thus, i t  i s  p o s s i b l e  t h a t  t h e  v a l u e  of 6 / c  i s  h igh  i n  t h e  s tudy  repor ted  by 
Brooks and Hodgson. 

* 

* 

A q u a n t i t a t i v e  j u s t i f i c a t i o n  f o r  t h e  above s ta tement  i s  a v a i l a b l e  from t h e  
r e c e n t  s t u d y  of D'Ambra and Damongeot ( r e f .  53) us ing  a NACA 0012 a i r f o i l .  
Thei r  i n v e s t i g a t i o n  of t h e  a i r f o i l  f l u c t u a t i n g  sur face  p r e s s u r e s  and broadband 
n o i s e  presented  frequency informat ion  i n  terms of a S t r o u h a l  number based on 
6*/c. 
l a t i o n s  based on t h e  p o t e n t i a l  f low f i e l d  method of Garabedian and Korn com- 
bined w i t h  a v iscous  boundary l a y e r  c a l c u l a t i o n .  
s h i p  w a s  ob ta ined  t o  e v a l u a t e  t h e  e f f e c t s  of t h e  v a r i o u s  parameters:  

log,, B* = -3.775 + 1.1 f -k 0.12 M -k 0.8 log,, C + 0.775 Q (D.1) 

Here, x / c  r e p r e s e n t s  t h e  d i s t a n c e  from t h e  a i r f o i l  l e a d i n g  edge t o  t h e  s t a t i o n  
a t  which 6* i s  t o  b e  c a l c u l a t e d .  
meters w h i l e  a i s  given i n  degrees .  

T h e i r  displacement  t h i c k n e s s  w a s  determined through s o p h i s t i c a t e d  calcu-  

The fo l lowing  s imple  r e l a t i o n -  

The a i r f o i l  chord l e n g t h  i s  s p e c i f i e d  i n  

The above equat ion  i s  s p e c i f i c  t o  t h e  NACA 0012 a i r f o i l  and i n c l u d e s  t h e  
l o c a t i o n  of t h e  t r a n s i t i o n  p o i n t  and s e v e r a l  o t h e r  parameters .  The equat ion  
r e p r e s e n t s  t h e  b e s t  curve  f i t  der ived  from t h e  t h e o r e t i c a l  computations and i s  
a p p l i c a b l e  f o r  t h e  compressible  flow range of 0.3 C M 2 0.84 and -4" I a I 6'. 
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Extending equat ion  62 t o  t h e  incompressible  f low test c o n d i t i o n  g iven  by M = 
0.2 i n  t h e  s tudy  by Brooks and Hodgson g i v e s  6*/c = 0.00247 f o r  a = 0 " .  
comparison t h e  v a l u e  r e p o r t e d  i n  r e f e r e n c e  10  i s  6*/c = 0.0065. D i f f e r e n c e s  
between t h e s e  va lues  sugges t  t h a t  t h e  displacement  t h i c k n e s s  i n  r e f e r e n c e  1 0  
may be  l a r g e  by a f a c t o r  of approximately 2.5. 

I n  
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Table I Mach Number vs Propagation Angle, and Airfoil Angle of Attack 

GEOMETRIC 
SYMBOL ANGLE, (Y 

0 
0 
A 

-0 4 O  

7.6 
12 

PROPAGATION ANGLE, O c ,  deg 

50 70 90 110 130 

0.1 H 
E- 0.2 
m 2 0.3 
w 

- 
J 
Z 0.43 
T 9 0.5 

0.55 
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Table II Angle and Amplitude Changes Associated with Refraction and 
Retarded Source Position Corrections 

PROPAGATION ANGLE, O,, deg 

- 
0.1 

0.2 

50 

56.6 
54.4 
-1.21 
-2.9 

- 

70 

75.8 
75.4 
-0.68 
-0.45 

81 .1 
80.8 
-0.61 
-0.33 

0.3 

66.7 
63.3 
-2.40 
-2.49 

86.4 
86.4 
-0.36 
-0.1 6 

0.43 

71.9 
69.3 

0.07 
-2.78 

93.7 
93.8 
0.57 
-0.1 5 

-0.1 5 

102.5 

0.55 1 - 1 ’01” 
2.26 

1 -0.1 5 

90 

95.8 
95.7 
0.2 
-0.69 

109.2 
107.4 
1.95 
-0.99 

121.4 
11 5.4 
4.71 
-1.6 

131.8 
120 
7.08 
-4.80 

110 

11 6.6 
11 5.3 
0.95 
-1.06 

- 

133.7 
120.3 
5.1 9 
-5.79 

130 

138.8 
134.3 
2.09 

- 

-2.94 - 
- 

1) Ot,  degrees 
2) @,, degrees 
3) REFRACTION AMPLITUDE CORRECTION, dB 
4) AMPLITUDE CORRECTION FOR CONVERSION 

KEY TO PARAMETERS. 
NUMBERS REFER 
TO LISTING IN 
EACH BOX. 

TO RETARDED SOURCE POSITION 
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Table 111 Average Boundary Layer Thickness Calculated for the Data of Schlinker 

AIRFOIL: NACA 001 2 
CHORD: c = 22.9 cm 
SPAN: s = 53.3 cm 
SOURCE TO MICROPHONE DISTANCE: re  = 2.81 

Table IV Average Boundary Layer Thickness Calculated for the Data of 
Brooks and Hodgson 

AIRFOIL: NACA 001 2 
CHORD: c = 60.96 cm 
SPAN: s = 46 cm 
SOURCE TO MICROPHONE DISTANCE: re = 1.22 m 

VE LOCITY 
mlsec 

0.01 87 

I 1 I 69.5 0.2 0.01 66 
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Figure 1 Simulation of Rotating Blade Trailing Edge Noise Radiation by a 
Two-Dimensional Airfoil Sect ion 
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Figure 6 Section of Helicopter Main Rotor Blade used for Isolated Airfoil Study 
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Figure 10 Schematic Diagram of Spherical Reflector Directional Microphone System 
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Figure 29 Normalized 1/3 Octave Band Trailing Edge Noise Spectra for Rotor Blade 
Section, Oe=980, cr=7.6', re=3m 
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